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ABSTRACT 


Accurate ionospheric absorption measurements to within 1% are 
required for beam calibration purposes of a large aperture synthesis 
low frequency (12.4 MHz) radio telescope proposed by the University of 
Alberta. It is suggested that the best method of obtaining such 
accurate absorption measurements is by the use of a dual-polarized 
riometer. Because of the high accuracy required, care must be taken 
in the choice of the antenna used with the dual-polarized riometer and 
to this end a microwave antenna test range was designed and built to 
test the important characteristics of antennas likely to meet the 
requirements. The design and construction of this antenna test range 
is presented and an evaluation of its Se te is given. Finally, 
after the deficiencies of the antenna test range have been taken into 
account, a design is proposed for the most suitable antenna for use 


with the dual-polarized riometer based on the range measurements. 
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LIST OE SYMBOLS 


wavelength 

electron collision frequency 

electron density 

ordinary wave critical frequency of the F2 layer 
quiet day curve 

half-power beam width 


noise bandwidth except in Ch. 2 where it represents the 
magnitude of the earth's magnetic field vector 


longitudinal component of earth's magnetic field vector B 
tangential component of earth's magnetic field vector B 


zenith angle except in Ch. 2 where it represents the angle 
between the direction of propagation and the magnetic field 


-e = -1.6 x 10" coulombs = electronic charge 
electric field vector 

electron velocity vector 

current density vector 


Sisal be er oe kg = electron mass 


ae F/m = permittivity of free space 


B2e54 08 
4n x Roan H/m = permeability of free space 
magnetic field intensity vector 


en 
Pp 


2nf = angular frequency 
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SYMBOL 


ie = = angular plasma frequency 
eB 
auf. came angular gyro frequency 
eB 
wh L 
nf. eA 
A cat 
zi m 
: ayee 
yu - its = - Fi = complex refractive index 


refractive index (real part of n) 


speed of light in free space 


aoe 6x gen joule/°K = Boltzmann's constant except in Ch. 


where it is the absorption coefficient 
wave propagation constant 

phase angle 

left. circularly polarized 

right circularly polarized 


collision frequency corresponding to the most probable 
electron velocity 


antenna noise equivalent temperature 

power gain 

input noise power 

output noise power 

noise figure 

290°K due to IEEE definition of noise figure 
power transmission coefficient of cable 
power transmission coefficient of ionosphere 
physical temperature of ionosphere 


equivalent temperature of cosmic noise (sky) background 
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intermediate frequency 

integrated circuit 

local oscillator 

complementary metal oxide semiconductor 
transistor, transistor logic 

analog to digital converter 

digital to analog converter 

absorption 

effective operating frequency of ordinary wave 
effective operating frequency of extraordinary wave 
ordinary wave received power 

extraordinary wave received power 

absorption experienced by ordinary wave 
absorption experienced by extraordinary wave 
left elliptically polarized 

right elliptically polarized 

equivalent temperature of noise source power 
root mean square 

axial ratio 

angle of wrap 

angular arm width 

cone angle 

untruncated cone height 

truncated cone height 

conical spiral base diameter 


truncated conical spiral top diameter 
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d = azimuth angle 

8 = phase propagation constant 

M(e,t) = polarization state on the Poincaré sphere 

2€ = Poincaré latitude 

ot = Poincaré longitude 

L = dipole effective length 

on = total equivalent temperature of system 

To = equivalent temperature of received signal power 

Tyg = equivalent temperature of artificial noise power in 
environment 

Pox = power received 

Pox = power transmitted 

Zo = average characteristic impedance 

avg 

DVM = digital volt meter 

S = guide wavelength 

Z 5 = characteristic impedance 

ro = free space wavelength 

Ep = dielectric constant 

RFC = radio frequency choke 
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CHAPTER 1 
INTRODUCTION AND HISTORY 

ie jLneroduct ion 

The Electrical Engineering Department of the University of 
Alberta proposes to build a large aperture synthesis radio telescope 
in the region known as Seven Mile Flat in southwestern Alberta. The 
prime function of the telescope, which will operate at a frequency of 
12.4 Mhz (A v 24m), will be the detailed mapping of the complex 
structure of the galactic continuum radiation. It will also be involved 
in a preliminary flux density interferometer program for beam calibra- 
tion purposes. Unfortunately, measurements conducted at such a low 
frequency as 12.4 MHz must be corrected for absorption which has Secured 
in the earth's ionosphere. As can be seen from Figure 1.1, this ionized 
region above the Earth is by no means uniform and its properties are 
continually changing with time. One instrument which attempts to 
determine the absorption in the ionosphere at the time that measurements 
are being carried out is known as a Relative Ionospheric Opacity METER 
or riometer. Because of the accuracy desired in the measurements 
performed by the large telescope, it is desired that the absorption 
measurements carried out by the riometer be accurate to within 1%. This 
thesis is concerned with what is believed to be the best method of 
attaining this accuracy, if indeed it can be attained at all. Because of 
the variability of the properties of the ionosphere with both time and 
space, this is not a foregone conclusion. 

The remainder of this chapter gives a brief historical development 
of the theory behind radio wave propagation in the ionosphere and an 


introduction to the various ionospheric investigative techniques. 
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Fig. 1.1 Properties of the ionosphere. 
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It concludes with an outline of the technique proposed for the measure- 
ment of ionospheric absorption,its advantages and special equipment re- 


quirements. 


1.2. the Development of the Magneto-lonic’ Theory 


In order to account for Marconi's seemingly impossible feat of 
transmitting radio signals over a significant portion of the curved 
earth, O. Heaviside and A.E. Kennelly in 1902, independently hypothesized 
the existence of an upper conducting surface surrounding the earth, 
which gradually came to be referred to as the Kennelly—Heaviside layer. 

In 1912, W.H. Eccles made the first attempt at mathematically 
formulating the theory of Kennelly and Heaviside and deriving expressions 
for the velocity and absorption of waves passing through a medium 
containing free charges. Unfortunately, his two basic assumptions, that 
the effective charges were of atomic mass and that the medium acted as 
a perfect conductor, led to the conclusion that the collision frequency 
had to be larger than the angular frequency of the wave; an unlikely 
result in view of the massive charges involved. 

This problem was eliminated by Larmor in 1924, when he not only 
considered electrons as the effective charges, but also allowed the 
collision frequency to be small enough so that the medium could be 
considered a dielectric instead of a conductor. 

By 1932, Appleton [1] and Hartree [2], had formulated detailed 
expressions for refractive index, absorption coefficient, and polarizations 
of waves propagating in an ionized region permeated by a magnetic field, 
where electrons were subjected to collisions with heavier particles. 


These equations, known as the Appleton-Hartree magneto-ionic equations , 
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remained essentially unchanged until 1960 when Sen and Wyller [3] 
modified them to include the dependence of collision frequency on 
electron energy. It is primarily these equations which constitute the 
magneto-ionic theory as it is known today and through their use that 


ionospheric effects on radio-wave propagation are explained. 


1.3 Methods of Ionospheric Investigations 


Several options are open to the ionospheric investigator as to 
his method of gathering information, but broadly speaking, these methods 
break down into two groups: high altitude measurements and ground based 
measurements. It should be pointed out, however, that of the various 
probing techniques available at present, only the riometry techniques, 
which will be discussed in sections 1.3.4 and 1.3.5, would seriously be 
considered by the radio astronomer. The ionospheric absorption presented 
to cosmic radio noise at any given time, which is the primary factor to 
be determined from a radio astronomical point of view, would be highly 
impractical, if not impossible, to accurately extract from the measured 
data of the other techniques. They are presented here for completeness 


and as secondary sources of information on the ionosphere. 


1.3.1. High Altitude Investigations 


High altitude studies are carried out through the use of satellite, 
rocket and balloon-borne measuring equipment. The great advantage of 
this method is that it provides direct information on ionizing radiation 
flux, constituent particle densities and energies as well as indirect 
information on the heights of absorption, absorbing layer thickness and 


layer inhomogeneities. Their great disadvantage is that they are 
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generally very expensive and/or have a very limited productive life- 

time. They are most frequently used in the study of polar cap and 

auroral absorption as weli as the monitoring of ionospheric properties 
during such unusual events as solar eclipses and solar flare-ups. The 
Simultaneous monitoring of the ionosphere by high altitude and ground 
based equipment has- proved fruitful in the calibration of the ground based 


measurements [4]. 


1.3.2 The Monitoring of Communication Circuits 


The various ground based techniques are graphically illustrated in 
Figure 1.2. Certainly the oldest technique is the monitoring of a 
communication channel between two ground stations. 


The first direct experimental evidence of an ionized region above 
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the earth came in 1925 when Appleton and Barnett [5] measured the 
arrival angle of waves from a distant transmitter. They showed that this 
angle of reception was such that a "sky-wave'' had to be present and that 
the height of the reflecting surface was somewhere between 100 km and 
200 km. At this time the magneto-ionic theory was still in its infancy 
and a favorite pastime of scientists was the monitoring of communication 
circuits in the hope of discovering more about the absorption and fading 
phenomena they observed. This eventually led to the determination of 
frequencies and times which would ensure favorable propagation and hence 
helped in the determination of maximum usable frequency (MUF) charts for 
various propagation distances (see Figures 1.3 (a) and (b)). 

Today communication circuits are still being monitored; however, 
their value now lies in the detection of long term absorption trends, 
such as those due to seasonal changes or the sunspot cycle [6]. These 
long term absorption trends are of interest to radio astronomers, 
especially those working in the lower HF band where ionospheric absorp- 


tion is most severe. 


1e365 vOUndIng 


One year after Appleton and Barnett's discovery, Breit and Tuve [7] 
devised the pulse-sounding technique for ionospheric investigation. They 
reasoned that if a sufficiently short pulse were sent vertically into the 
ionosphere, the time taken for it to travel to the reflecting region and 
back might be measured using ad oscilloscope with a time base synchronized 
to the pulse-repetition frequency. By assuming the pulse to be propagated 
at the speed of light, the height of reflection could be determined. 


Although their assumption that the pulse travels throughout its path at 
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(a) Contour map F, critical frequency 1400 GMT December 1963 [50]. 
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the speed of light was incorrect (the pulse, composed of a spectrum of 
frequencies, has a group velocity which decreases in the ionized medium), 
their simple technique eventually returned a substantial amount of data, 
especially with respect. to layer critical frequencies and virtual heights 
of reflection. 

The technique suffers from the disadvantage of the double path length 
which requires that the sounding equipment employ the use of a high power 
transmitter and sensitive receiver. Its usefullness from a radio- 
astronomical point of view is limited, however, simply because it is 
incapable of determining quantitatively the degree to which radiation 
passing downward through the ionosphere is absorbed. The value of 
soundings, instead, lies in the support role which they play in the 
correct assessment of data gathered from riometer observations. This 


will be more’ evident from the discussion of section 4.2.2. 


1.3.4 Standard Riometry 


The introduction of the "cosmic noise'’ method of ionospheric in- 
vestigations by Shain [8], in 1951, was of primary importance to the 
knowledge of ionospheric effects on wave propagation at frequencies 
greater than the ionospheric critical frequencies and was of particular 
value to radio astronomers. 

The method employs the basic assumption that the cosmic noise 
background radiation observed by a vertically directed receiving antenna 
beam for any given sidereal time (time relative to the distant stars) 
is constant, and hence any fluctuation in this level of radiation at the 
same sidereal time is due to the intervening ionosphere. In theory, the 


principle is simple; however, its implementation requires the use of very 
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stable receivers. The real breakthrough came during the International 
Geophysical Year 1957-58, when Little and Leinbach [9], [10] developed 
the riometer. The advantage of the riometer was that it continuously 
compared the antenna noise power with that of a local noise source and 
equalized the difference; hence, it acted essentially as a sensitive 
nullmeter where gain fluctuations were relatively unimportant. Then, 
by monitoring the current of the noise source, the power of the received 
radiation could be recorded. 

Before the riometer could be of any use to radio astronomers, however, 
a quiet day curve (Q.D.C.), i.e. the cosmic noise level received in the 
absence of the ionosphere and measured over one sidereal day, had to be 
determined. Unfortunately, this necessitated the continual monitoring of 
cosmic noise radiation for a period of approximately one year. The 
reason for this is, assuming that for a given frequency the condition of 
negligible absorption does occur,its most probable time of occurrence is 
found to be just before sunrise [11], [12], [13] regardless of season. 
Hence, the entire galactic background which may pass directly above the 
observing station, must have been monitored at some time of the year 
during this period of expected negligible absorption. Herein lies the 
problem, since the length of time required for all relevant portions of 
the sky to be monitored during the best observing period, depends on the 
rate of rotation and revolution of the earth. In other words, the length 
of time required to determine the Q.D.C. is largely beyond the control 
of the observer and is approximately one year. During this time the 
reference noise source's current-versus-power characteristic , cable 
attenuation, antenna gain, etc., must all remain extremely stable. 


Another possible drawback is that the nighttime absorption may not 
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ietact ber negitgible. Several papers’(e.g. Mitra and Shain [14]: 
Lusignan [11]; Schwentek and Gruschwitz [12])have reported high average 
nighttime absorption values and it seems likely that uncertainties in 
absorption measurements due to this problem of residual absorption will 
be worse if measurements are made in a year of high solar activity. As 
is noted by Heisler and Hower, excellent agreement between experimental 
and calculated absorption data is achieved for January 1964, a solar 
minimum year, but using the data of Lusignan a residual absorption of 
a2 a5 1S found for March 1959, a solar maximum year. 

Through a simple extension of the riometry technique, it is 
possible to eliminate the uncertainty in the measurements due to 
residual absorption,if indeed it exists, and at the same time reduce 


the lengthy period required for data acquisition. 


1.3.5 The Dual-Polarized Method of Riometry 


The effect of the earth's magnetic field on radio wave propagation 
in the ionosphere is to split the wave into two parts of opposite 
polarization. One of these waves propagates as if no magnetic field were 
present and hence is called the ordinary wave (or ray); the other, known 
as the extraordinary wave, can be affected quite severely. 

The electrons which are set in motion due to these propagating waves 
are continually colliding with heavier particles. The net result of 
these collisions is to extract energy from the wave, which manifests 
itself to receivers on the ground as ionospheric absorption. This 
absorption, however, does not equally affect the two waves, but instead, 
the extraordinary wave suffers more absorption than the ordinary wave. 


As has been shown in a paper by Little,Lerfald and Parthasarathy [15], 
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this effect can be used to determine the Q.D.C. if the observing frequency 
is in the 5-15 MHz range. Here the lower frequency limit is set by the 
average critical frequency of the ionosphere above the observing station 
and the upper, by too low an absorption, making the difference in power 
levels between the two rays difficult to detect. Because, as is shown 

in Figure 1.4, average absorption depends on latitude, the useful frequency 


range will in turn depend on the location of the observing station. 
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Fig. 1.4 Average zenithal absorption at 32 MHz and Fy Cribicar 


frequency as a function of geomagnetic latitude [53]. 


In 1956 and again in 1961-62 workers at College, Alaska (geomag. 
lat. 65°N) used this method as an alternative to the standard riometry 
technique at 5, 10 and 20 MHz and they were able to determine the Q.D.C. 
not only more quickly but also more accurately. They found that at 
their latitude, the 10 MHz data was particularly amenable to this 
technique. However, scientists at the Dominion Radio Astrophysical 


Observatory near Pentiction, B.C. (geomag. lat. 55°N) at 22 MHz were 
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unable to detect any level difference (private correspondence). Since the 
average absorption values between geomagnetic latitude 40°N and 70°N are 
not significantly different, it would be expected that a riometer 
frequency of approximately 10 MHz would also be suited to the method of 
Little, Lerfald and Parthasarathy in this latitude range. Due to the 
location of the proposed University of Alberta riometer at Seven Mile 
Flat (geomag. lat. 60°N) and operation at a frequency of 12.4 MHz, it 
would appear that conditions are well suited to the application of 
the riometry technique mentioned above, i.e. the dual-polarized method. 
As will be explained in more detail in Chapter 4, this method of 
riometry, which requires the measurement of the extraordinary ray and 
ordinary ray powers, offers the rather substantial advantage of 
extracting from the acquired data, absolute power measurements of the 
quiet day cosmic noise levels. Hence, observations need not be restricted 
to periods of minimum absorption amounting to only 4 or 5 hours per day 
but may be made over the full 24 hours, natural and man-made interference 


being the only limiting factors. 


ih es eae Antenna Requirements 


The measuring equipment required for the implementation of the dual 
polarized method of riometry is essentially the same as that for standard 
riometry. The only major change is in the antenna system. 

As was mentioned in the section above, the effect of the earth's 
magnetic field is to split an incoming randomly polarized wave into two 
components of opposite polarization. In the middle and high latitudes of 
the earth these components exhibit nearly circular polarization. Hence, 


the method of measurement differs from the standard riometry technique 
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in that its antenna system must respond to waves of left and right 
circular polarization rather than linear polarization. 

Several types of circularly polarized antennas were considered, 
including crossed dipoles, helices and conical-logarithmic spirals. 

As will be explained in greater detail in Chapter 4, for best results from 
the dual-polarized method, the antenna system of the riometer was 

required to be responsive to circular polarization over most of its beam, 
have a circularly symmetric beam with half-power beam width (HPBW) of 
approximately 60° and be devoid of side lobes. In addition, ease of 
construction of the antenna was of concern, though secondary in importance. 

Crossed dipoles were desirable because of the simplicity of their 
structure. Their off-axis response to circular polarization was not 
considered satisfactory, however,and they were rejected largely for this 
reason. 

Helices easily met the beam width requirement with a single element 
but they appeared to suffer from side lobes. Although little information 
was available on their off-axis response to circular polarization, what 
there was tended to indicate that it was poor as well. For these 
reasons, helices were not considered acceptable. 

Fortunately, rather extensive study had been done by Dyson [16], 
[17], [18] on the conical-logarithmic spiral, so that a good estimation 
of antenna properties could be obtained. It was found that this type 
met all the primary antenna requirements admirably well. In addition, 
the inherent frequency independent nature of the conical-logarithmic 
spiral made it especially attractive because of the added dimension it 
afforded to the riometer's usefullness. Riometer observations at 


several frequencies make it possible to derive electron density profiles 
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with height; information which is of considerable scientific importance. 

The only major drawback of this antenna was its height which for 
the characteristics desired was on the order of 30 meters at 12.4 MHz. 
This was considered excessive and ways of reducing it were investigated. 
Dyson had shown that because there is a relatively narrow active region 
on a conical spiral (see Figure 1.5), it can. be truncated without 
significantly degrading the properties of the original untruncated spiral. 
Moreover, Dietrich and Long [19] suggested that wide cone angle conical 
spirals exhibit much the same properties as the small cone angle spirals 
(20 < 45° see Figure 1.5) tested by Dyson, and they afford considerable 
size reduction. 

It was,therefore, the opinion of the author that because of the 
suitability of the conical-logarithmic spiral antenna to the riometer 
application, it was worth-while to attempt to reduce its height to a 
more acceptable level. Because not enough was known on the theory of 
operation of this antenna, the alteration of its parameters beyond those 
for which empirical data existed, necessitated the determination of the 
characteristics of the altered conical spiral by experiment. It is 
apparent that experimenting with antennas which have dimensions on the order 
of tens of meters would be, to say the least, difficult. Using a high 
frequency scale model, however, it would be possible to make parameter 
changes quickly and easily and the results that these changes had on the 
important radiating characteristics of the antenna, in this case the 


antenna's axial ratio and power pattern, could be more easily measured. 


( The axial ratio expresses the relative response of an antenna to left 
and right circularly polarized waves and is discussed in more detail in 


section 6.2.) To this end a compact microwave antenna test range, which 
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operated at a frequency near 1 GHz, was designed, and constructed atop 


the Electrical Engineering Building at the University of Alberta. 
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Fig. 1.5 Relative near-field amplitude on a conical 


spiral with 20 =20°, a=80° [18]. 


At this stage it should be pointed out that, because the pattern 
and HPBW of both the truncated conical spirals and wide cone angle 
conical spirals were fairly well defined by Dyson and Dietrich and Long, 
and since it was expected that the pattern of the riometer antenna would 
be measured after construction of the full-scale antenna, the axial ratio 


as a function of zenith angle was the prime factor to be determined. 


1.3.5.2 Scientific Importance of the Riometer Measurements 
Apart from its prime function of accurately determining the ionospheric 
absorption, the dual-polarized riometer is capable of supplying additional 


information of scientific importance. 


F) ai 


ie pb ere 
ich tt hace | 


* 


SE 


As mentioned earlier, with conical spiral antenna elements 
multifrequency absorption data can be gathered which, as will be outlined 
in section 2.6.1, can be used for the derivation of electron density 
profiles with height for the time of observation. In fact the single 
frequency absorption data will also give some indication of the electron 
densities in the absorbing layers and the heights at which absorption 
takes place. 

The derived sky temperatures for the unattenuated cosmic noise will 
be important for comparison with the data of Andrew [20]. 

Eclipses of the sun provide rare opportunities for study of iono- 
spheric properties with respect, in particular, to electron recombination 
rates [21]. The total solar eclipse of February 26, 1979, to be visible 
from the northwest United States and Canada may provide just such an 
opportunity. 
he magnetospheric radiation of Jupiter is still largely uninvest- 
igated and polarization studies of this radiation at 12.4 MHz would be of 
considerable scientific value. The polarization of the Jovian radiation 
appears to be, at least at the lower frequencies, primarily circularly 
polarized. Whether the riometer, with its small collecting area of 

: 2 - : : 

approximately 46m , will be able to detect Jupiter will depend largely on 
the planet itself. Jupiter is by no means a constant radiating source 
but instead, displays periods of high activity [22]. At 12 MHz not 
enough is known about the power levels radiated by this planet but at 

; . - See ee : <2). =2 
20 MHz the average flux density of the Jovian radiation is 10 Wn 
Hz [23]- Douglas suggests that it appears likely that this flux density 
increases as frequency decreases, at least down to 10 MHz. Thus, for 


a system bandwidth of 10 KHz radiation from Jupiter should be at least 
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2% of the galactic sky background. 

It is, therefore, apparent that the dual-polarized method of 
riometry, apart from the advantage of being able to determine the Q.D.C. 
more accurately and more quickly than alternate methods, is advantageous 


for several reasons. The dual-polarized riometer should be an extremely 


useful instrument. 
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CHAPTER 2 


MAGNETO-IONIC THEORY 


Voledoatroduction 


Details of the magneto-ionic theory are available in the appropriate 
literature [1], [3], [24], [25]. Only the main assumptions and import- 
ant steps used in the derivation of its basic equations are presented 


here. 


2.2 The Classical Appleton-Hartree Equations 


The medium in which propagation is assumed to exist will first 
be defined. The ionosphere will be modelled as a region of equal 
positive and negative charges, uniformly distributed and hence, 
exhibiting no net space charge. A steady magnetic field B permeates 
this region and without loss of generality, will be considered to lie 
in the y, z plane (see Figure 2.1). The wave propagates in the z 


direction and at an angle of 6 relative to the imposed magnetic field. 
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Fig. 2.1 Direction of wave propagation and magnetic field 


relative to coordinate system. 
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It is assumed that the fields vary harmonically, i.e. with exp(jwt), 
and thus the motion of the charged particles is harmonic, although owing 
to their much larger mass’ the positive ions are considered relatively 
immobile and thus unimportant in the propagation of the wave. Due to 
this relative immobility, the electrons experience collisions with the 
positive ions as well as with the neutral air molecules so that a 
combined collision frequency, v = V5 a es exists. 

In phasor form then, the equation of motion for the electrons 


becomes: 


qE + q(v x B) = jumv + mvv 


where q=-e=-1.6x mee coulomb. In rectangular coordinates and 


after some rearranging, the three components of the above equation 


become: 
-e E. = jwm (1 - j —) ia + e(v BE - vB) (a) C272) 
Seeman (2 =. ee Roce vse (b) 
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If the medium has an electron density N, and if it is assumed that 


a movement of electrons constitutes a conduction current, then, 
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and using rationalized MKS units, Maxwell's equations for the medium 


become, 
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where the following simplifying definitions have been used: 
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(2.4) 


(2.5) 


Equation (2.5) is, therefore, a constitutive equation for the 


anisotropic medium and can be more simply expressed as 


where Os the dielectric conductivity, is a tensor quantity. 

Using Maxwell's equations (2.3) and (2.4) and assuming that the 
field quantities vary with position only as exp(- z), where ¥, is the 
Wave propagation constant, then another relationship can be obtained 


between J and E such that 
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If now the complex refractive index is defined by 


n=- =u-> C237} 


where n = complex refractive index of the medium 


refractive index (real part of n) 


= 
k = absorption coefficient 
c = speed of light in free space, 


then when eq. (2.7) is substituted into eq. (2.6) and the result into 


eqneG2 ss) and.t jeanwbe showm that 


A 


hfe wp a hy ye 


4 


tn gta 


22 


2 ; Z : 
U(n -1)+X ~4Y, (a -1) -5%, 
== ; 2 Y aaa 
0 = jY, -1) U(n’ -1)+X 0 E : (238) 
: 2 
~j¥,(n -1) 0 -U+X 


The condition for a solution to exist is that the determinant of the 
coefficient matrix in eq. (2.8) must vanish. The result is a quadratic 


in ae which, when solved, yields the equations 


2 Xx 


Y Win Gade eee See 
2 4 
Pee he Y Y 
y G 4(1-X-jZ) 


where the upper sign in equation (2.10) refers to the ordinary ray and 


the lower sign to the extraordinary ray. 


2.3 The Quasi-Longitudinal Approximation 


In the middle and high latitudes of the Northern Hemisphere the 
earth's magnetic field at the relatively low height of about 100 kn, 
which represents an effective upper limit to the absorbing region, is 
closely aligned to the direction of radiation that would be received by 
a vertically directed riometer antenna beam (see Figure 2.2). If 9, 
the angle between the magnetic field of the earth and the direction of 


propagation, is small, the condition 
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Fig. 2.2 The earth's magnetic field and its direction relative to the 


the radiation received by a vertically directed antenna beam. 
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may exist. Putting the above equation in a more meaningful form results 


in 


W 
— £(8) << [1-08 Ju" - jv/w| CPE) 
where 


£(9) = efuce/ivadee J 


ns Het | 1 
payee any 
a a mai 4 ee » 


Pe 
ais ni) a te ie 
ee yt lr 


fi 


Pa 


The gyro frequency, f,, over most of North America [26] is approx- 


B 
imately 1.5 MHz and the largest critical frequency to be encountered 


should be that of the daytime F, layer, about 8 MHz. Then for an 


2 
operating frequency of 12.4 MHz, and assuming a collision frequency that 


is insignificant with respect to w, for worst case conditions (2.12) 


becomes 


£(O)* 42°45 : C2213) 


For an order of magnitude difference between the left and right hand 


sides:of eq: (2.13), the graph of £(@) versus @ in Figure 2.3 indicates 
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Fig. 2.3 Graphical illustration of function f£(@). 


that the wave must propagate within 50 of the magnetic field. For a 
riometer that will be located at 60°N geomagnetic latitude (dip> 70°,[68]) 
and which will receive radiation from a vertically directed antenna beam 
this seems likely. Then assuming that an order of magnitude difference 
between the two sides of eq. (2.11) is sufficient justification for 
invoking this inequality and using it in eqs. (2.9) and (2.10), 

the equations which result are known as the Appleton-Hartree equations 


for "quasi-longitudinal propagation." The inequality of eq. (2.11) is 


thus referred to as the quasi-longitudinal approximation. 


229.4) Wave, Polarization 


Using the quasi-longitudinal approximation in eq. (2.10) 


ea 


R = re ~ 1 exp ( + jr/2) (2.14) 
2 
for a wave passing downwards through the ionosphere in the Northern 
Hemisphere. Recalling that the field quantities vary as exp (jwt-y 2z) 
then if at z=0 the x and y components of the electric field vector in 


the wave front can be represented as 
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equation (2.14) shows that ELVES and A= + 90°. Hence, if the upper 


sien is used (ordinary ray) the electric field vector (see Figure 2.4) 


is seen to be rotating in the clockwise direction as the wave approaches, 
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Fig. 2.4 Illustration of polarization of fields, wave approaching. 


Using the IRE definition (1942), this wave is said to be left 
circularly polarized (LCP). Similarly if the lower sign is used 
(extraordinary ray) the electric field vector rotates in the counter 
clockwise direction, wave approaching, and is said to be right 


circularly polarized (RCP). 


2.3.2 Wave Propagation Constant and the Absorption Coefficient 


Since n = u-jkc/w and recalling that the propagation constant vee 


was related to n by y= jwn/c, then 
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and the field quantities will be attenuated as the wave moves along its 
path. 
Using the quasi-longitudinal approximation in equation (2.10), and 
also the fact that the square of the complex refractive index can be 
: Z fs Z : ; 
written asn =u — (kce/w) - j2ukc/w then, after equating real and 


imaginary terms 


After some rearranging and substituting in the appropriate values for 


eecLeand Y. defined earlier 


which, when the constant first term on the right hand side of the equal 


sign is numerically evaluated, becomes 


nep/m : Cots) 


2.4 Deviative Absorption 

Referring once again to Figure 1.1, it is seen that at a height 
of 100 km the electron density is approaching its maximum value; 
however, the electron collision frequency is less than 24 of any operat- 
ing frequency within the H.F. band. If the ratio Z = v/w is assumed to 
be approximately zero, examination of equations (2.9) and (2.10) reveals 


that the complex refractive index is entirely real and may be expressed 
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Above 100 km the ionosphere for most high frequencies appears as a 
region of slowly varying index of refraction. Hence, in general, the 
wave will follow a slightly curved path in the ionosphere. There are 
times, however, when the electron density will be large enough and vary 
quickly enough that the ray will be severely bent or even reflected. 
These conditions will occur when the frequency of the propagating 
wave is at or near a critical frequency of the ionosphere. 

For vertical incidence and when the operating frequency f is 
greater than the gyro frequency the critical frequencies can be found 


from eq. (2.16) by setting u=o. When this is done it can be shown 


that 
oh = f(f-f_) (extraordinary ray) 
pl B 
me = AG ~elOrndinary ray) 
p2 
and 
ce ~ a = plasma frequency for level i. 


Typically, the highest critical frequencies are those of the day time 


F layer since this region contains the highest electron densities. 


For the ionosphere above Seven Mile Flat, the ordinary ray critical 
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frequency of the F, layer, f , will be about 8 MHz. 
F2 


Although the above critical frequencies were derived from an 


2 


equation which assumed the collision frequency was equal to zero in 

the region of consideration, i.e. above 100 km, they would be equally 
applicable if, as is the actual case, the ratio Z = v/w was very small 
with respect to 1-X, yet still finite. Near critical frequencies, the 
refractive index, ut, is still approximately zero and because the group 
velocity of the wave is related to u by ie = uc, the wave spends more 
time in the medium. Because of this and the fact that a finite collision 
frequency does exist, near a critical frequency the wave becomes more 
susceptible to the effects of collisions, and absorption will occur. 
Because energy is extracted from the wave during the time that it is 
being retarded or deviated within the medium, this form of absorption is 
referred to as deviative absorption. 

The significance of the above development is that if cosmic waves 
do not reach the ground for whatever reason, reflection or absorption, 
the cosmic radiation received by a ground based riometer will be less 
than that received if the ionosphere were absent. If the galactic sky 
background is to be accurately measured, the operating frequency of the 
riometer must be sufficiently above the highest critical frequency of the 
ionospheric layers (approximately 3 times f Jat the time of observation. 

F2 
The elimination of data acquired when critical frequencies are too high 
can be accomplished with the aid of ionosonde records taken simultaneously 
with riometer observations. If an ionospheric sounder is not available 


riometer observations should be restricted to nighttime periods when 


critical frequencies are sufficiently low. 
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2.5 Non-Deviative Absorption 


There are two types of absorption which can occur in the ionosphere, 
the deviative type, described in the previous section, which is most 
severe near critical frequencies and the non-deviative type, described 


: ; : 2 
below, which varies approximately as 1/f with frequency (see Figure 
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Fig. 2.5 Absorption effects in the ionosphere 


In regions where the electron density is small, u v1 and the 


"non-deviating" 


region where absorption takes place is said to be 
because it does not deviate or retard the wave. From equation(2.15) 


the absorption coefficient can now be written as 
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Because k depends on the electron density and collision frequency 
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which are both functions of height, the absorption coefficient will also 
depend on height i.e. k=k(h). Then the total absorption that the wave 
experiences along its path, defined as the ratio of the amplitude (E,) 
97h, in the absence of 


absorption, to the amplitude (E) after travelling in the presence of 


of a wave which travels a distance Ah = h 


absorption, is given by 


Om of k(h)dh 


or 


be 
5p “N(h)v(h) dh 


fk(h)dh 
2 
hy v(h) + (+t 
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In regions where v(h) is on the order of, or greater than the 
operating frequency (altitudes less than 60 km for operating frequencies 
in the HF band), the total path absorption varies as N(h)/v(h). However, 
at these altitudes N(h) is extremely small (<10° Bee praih CA eae and 
decreases very rapidly with decreasing height while at the same time 
v(h) is increasing very rapidly. It would therefore be expected that 
negligible absorption would take place below about 60 km. By the same 
token, at altitudes > 100 km the collision frequency is Snell and 
decreases very rapidly with height while N(h) also decreases but much 
slower; therefore it would again be expected that except near critical 
frequencies (deviative absorption) little absorption would occur. The 
result of the preceding is that the region where most non-deviative 
absorption occurs is fairly well defined as lying somewhere between 60 
and 100 km. 

If for a given operating frequency f, the primary region of 


absorption occurs where v(h) >> 2n (f + f)> absorption becomes in- 
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dependent of the effective operating frequency of the wave and it would 
be expected that the measured power levels of the extraordinary and 
ordinary modes would be the same. When v(h) is on the order of 

Zire Ck. £ fi) the absorption should vary as eu and if the absorbing 
region conditions are such that v(h) << 2r(f£ + fi) the absorption 
should vary as fa In practice, all three may occur as the wave 
traverses the lower ionosphere and therefore the absorption's frequency 


dependence is often expressed as 
Aap (ft) =cf | C= cous tant. ahd AF 


As will be seen in Chapter 4, this absorption versus frequency relation- 
ship, which applies to both the extraordinary wave and the ordinary 
wave, forms the base on which the dual-polarized method of riometry is 


buxzit ¢ 


2.6 The Sen-Wyller Equations for Non-Deviative Absorption 

While the development of equation (2.9) is convenient for its 
simplicity, it is not strictly true because it fails to take into account 
the dependence of collision frequency on electron energy. Sen and 
Wyller investigated this problem in their 1960 paper and their formula 


for the refractive index for the case of longitudinal propagation 


It 
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where, as usual, the upper sign corresponds to the ordinary ray and the 
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V = electron velocity 


v_= collision frequency corresponding to the most probable 


electron velocity. 


As is pointed out in their paper, rigorous use of the Sen-Wyller . 
formula can be avoided with negligible error introduced, if v <.lw 
over the effective absorbing region. From Figure 1.1 and recalling 
that the effective absorbing region lies between 60 and 100 km, for 
an operating frequency of 12.4 MHz this condition seems valid over 
most of the absorbing region. The Appleton-Hartree formula for 
longitudinal propagation could then be used in place of equation (7218) 
if v is replaced by ae It should be pointed out, however, that 


justification for using the dual-polarized technique for ionospheric 


absorption measurements does not depend on the validity of the Appleton- 


Hartree or Sen-Wyller formulas. As long as an absorption versus 
frequency relationship of the form indicated by equation (2.17) can be 
obtained, the dual-polarized riometry technique is applicable. 

When the quasi-longitudinal approximation is invoked more error 
is introduced; however, Benson [27] has shown that for an operating 


frequency greater than 10 MHz and an angle of propagation 6 less than 
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40 the error introduced is less than 1%. 

The formulas derived by the Appleton-Hartree development will, 
therefore, not be significantly in error for an operating frequency 
Of 1234 MHz ae a is:-teplaced by 2y. Assuming some electron 
density distribution with height, these formulas can then be used to 
calculate the absorption that the extraordinary ray and ordinary ray 
should encounter as they traverse the lower ionosphere. For frequencies 
such that the condition v < .lw is not valid or if greater accuracy 


is required, equation (2.18) should be employed, rigorous use of which 


requires a computer. 


22001 (Derivation of ywBlectron Density Profiles 


As was mentioned above, the absorption which should be encountered 
by a wave traversing the lower ionosphere can be calculated from the 
theory, if the electron density distribution with height is known. This 
in practice is a difficult relationship to obtain. However, by 
expressing the electron density profile with height N(h) as a finite 


power series of the form 


the coefficients may be determined from multifrequency riometer measure- 
ments made at n different frequencies by solving the appropriate 
Appelton-Hartree or Sen-Wyller absorption equations [28], 29, (60. 
The absorption profile for a given frequency is then obtained by sub- 
stituting the derived electron density profile back into the absorption 


equation. 
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CHAPTER 3 
THEORETICAL AND PRACTICAL ASPECTS 
OF RIOMETER EQUIPMENT 

This chapter begins with an explanation of some of the terms and 
concepts frequently used in the discussion of noise measuring systems. 
It then proceeds to use these terms and concepts in the discussion of 
the basic riometer receiving systems. Finally, an introduction to 
the riometer equipment is presented with past problems and some possible 


future improvements outlined. 


ee Noise Power and Equivalent Temperature 

3-1-1 Antenna Temperature 

If as indicated in Figure 3.1 a black body enclosure exists such 
that the space within it is electrically shielded from the outside and 
at uniform temperature T, and if the inside of its walls are lined 
with a perfect absorber, then the radiation emitted by the walls will be 
such that a lossless antenna 
will "see" (through its direction- 
al pattern) a temperature of T. 
ABSORBER It can then be shown [22] that a 
power P = kTB, where k is 
Boltzmann's constant and B is 
the noise bandwidth of the 


receiving system, could be 


extracted. from it. 


If the temperature was not 
Fig. 3.1 Antenna in black body P 


: uniform within the volume of the 
enclosure at uniform temperature T. 
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black body enclosure but varied over its extent as T(0,¢6), then the 
temperature of the volume as seen by an antenna with normalized power 


pattern P6859) and beam solid angle Qs would be 


a 
i 
silis 


Sf T(6,4) P_(8,¢) sine de do . 


3.1.2 Noise Power from a Linear Two-Port 
For a linear two-port as shown in Figure 3.2 of power gain G and 
equivalent temperature T referred to the input, if a power a is fed 
into its input terminals the 


output power available is 


= + nd By 
capes C1 ta cco Woe ea ca 


If n matched linear two ports, 
each of gain G, and equivalent 
temperature T,,are cascaded 
Fig. 3.2 A linear two-port. (see Figure 3.3) and if the 
noise bandwidth B of the system 


is set by the last stage, then the output power available from the 


ut> 


Fig. 3.3 n cascaded linear two-ports. 


nite 
} 


ae im 
ec ade ll 
M 19, ae see atl 


an 


network is given by the expression 


cree ee Ne 
where 

Cy is ee ae 
and 

- iL ay 
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aR = 4p + — + Se ee (e2) 
N 1 G, G,G., G,6, G a 


Thus the entire network can be treated as a single linear two-port with 


gain G. and equivalent temperature T 


N N° 


An examination of equation (3.2) shows that if the gain CG, of the 
first stage is very large, the noise contributions due to the stages 
which follow will be negligible and the noise equivalent temperature 


of the network will be essentially that of the first stage. This is a 


very useful property in the design of low noise receivers. 


3.1.2.1 Noise Equivalent Temperature of an Active Linear Two-Port 


For a linear two-port of noise figure F and gain G, it can be 


shown that the output power for input power ere is given by 
Ne =GP, +G k(F-1) TB 5) 
in fe) 
where T = 290°K due to the IEEE definition of noise figure. Comparing 
e) 


equations (3.1) and (3.3) shows that the noise equivalent temperature 


of the active device is T = (F-1)T.. 
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3.1.2.2 Noise Equivalent Temperature of a Passive Attenuator 


For an attenuator at physical temperature T 


phys and power trans- 


mission coefficient ¢, the power available at its output port for an 


putLnoowen-0Cek a4 is 
P P in 


Me = P + k(1- : 
out Sdn om ae P 


(3.4) 


If ¢« can be thought of as the gain of the attenuator, i.e. a gain less 


than 1, then examination of equations (3.1) and (3.4) shows that the 


noise equivalent temperature of the attenuator is T = (l/e - 1) T : 


phys 


3.2 The Measurement of Cosmic Noise Power 


3.2.1 The Power Available at the Receiver Input Terminals 


Referring to Figure 3.4, where 


it has been assumed that the iono- 


Tsky 


IONOSPHERE = Ton ton 


sphere and cosmic noise (sky) background 


are uniform over the beam width of the 
receiving antenna, it can be seen that 
the ionosphere, which is shown as 
possessing a power transmission co- 
efficient e«. and being at physical 
ion 
temperature T, _, acts essentially 
ion 

as an attenuator to the incident 
cosmic noise power. 

Therefore from the discussion 


presented in section 3.1, the power 


RECEIVER GF 


Fig. 3.4 An illustration of a4 
uniform sky background and ion- 
osphere presented to the rio- 


meter antenna. 
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available at the terminals of the antenna is 


= k = c + - T 
ZN SN Ses 2 k(L evan! pte 


If now the antenna is matched to the receiver through a cable and 


switch of combined transmission coefficient oe and each of physical 


temperature i then the power available at the input of the receiver is 


rg 
I 
om 


4. ~~ 
' LON k(1 ey) TB. (3.5) 
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The stages referred to in this section as the receiver will in 
actual fact be those stages of the receiving equipment preceding the 


detection of power. 


3.2.2.1 A Simple Receiving System 


From eq. (3.5) and for a matched 


receiving system as shown in Figure 


DETECTOR 
RECORDER 


3.5 with receiver gain G and noise 


figure F, the power present at the 


CALIBRATING 
NOISE 
SOURCE 


receiver's output terminals will be 


P. = G Po < Gk(F-1)T B +Gy it (3);6) 


where I is the interference introduced 


at the receiver's input. After having 


Fig. 3.5 A simple self-calibrating 


satisfied oneself that all parameters 
receiving system. 


are stable, or correcting for those 
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which are not, any residual variation in P- is attributed to fluctuations 


in parameters characterizing the ionosphere and in particular Se tes cls 


apparent, however, that this system even with frequent calibrations is 
extremely sensitive to changes in the gain of the receiver, especially, 
Since typically, the gain of the receiver can be on the order of 100 dB. 
An improved system developed by Machin, Ryle and Vonberg [31] in which 


gain fluctuations have little effect, will now be discussed. 


3.2.2.2 The Machin, Ryle, Vonberg Receiving System 


In the receiving system shown in Figure 3.6 the receiver is switched 


ANTE 


NAA 
—— Sar CH OFIVE 
| 


SINCHACHOUS 
RECEIVER 
se 3iTCH l eC pp as 
MOISE SOLACE 
ee COM FROL 


REFESENCE 
NOMS SOVeCE 


Fig. 3.6 The receiving system as a sensitive null-meter. 


at a rapid rate (rapid enough so that the receiver gain does not change 
sient rieaneas over one cycle) between the antenna and a local noise 
source. Any difference in the power levels appears at the output of 
the receiver as a component at the switch frequency. By amplifying and 


detecting this component, the current of the local noise source can be 
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affected in such a manner as to equalize the powers. If the 

current through the noise source is proportional to its output power 
over the usable range, then it is also proportional to the antenna's 
noise power and hence is the parameter to be recorded. Since the system 
is basically a null detector, gain variations affect both components 
equally, and thus are unimportant. This system represents the commonest 


form of riometer receiving equipment used today. 


3.3 Equipment 


A schematic of the proposed dual-polarized riometer is shown in 
Figure 3.7. Except for the antenna system which will be discussed in 


Chapter 5 the basic equipment blocks will now be examined. 


3.3.1 The Receiver 

The receiver will be considered to consist of the input band-pass 
filter, preamplifier and the first and second local oscillators, mixers 
and intermediate frequency (1.F.) amplifiers. 

In order to keep interference at a minimum, the input band-pass 
filter should have a band width as small as can be attainable without 
great expense for the center frequency of 12.4 MHz. It is preferable 
that it be passive so that it does not contribute to a receiver of 
greater complexity than is required, which can only result in a higher 
probability of equipment failure and increased power drain. 

The gain of the preamplifier should be at least 60 dB in order to 
eliminate noise contributions due to the mixer and I.F. stages which 
follow it. Since the noise temperature of the receiver will be set by 


the input band-pass filter and the preamplifier, a filter of loss less 
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Fig. 3.7 Schematic of the proposed dual-polarized riometer. 
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than 1.5 dB and a preamplifier with noise figure better than 5 dB are 
desirable if the receiver noise temperature is to remain negligible 
(< 1%) with respect to the antenna temperature thus eliminating the 
need for corrections in the determination of the sky background 
temperature. Placing the preamplifier at the antenna terminals would 
also eliminate the noise due to the cable and switches; however, owing 
to the severity of weather conditions that can be expected at the 
riometer site, it is hoped that this will not be necessary. 

The double conversion of the operating frequency was chosen because 
of the improved signal-to-noise ratio which can be obtained over the 


single conversion format. 


3.3.1.1 The Swept Frequency Minimum Signal Detector 


Because the cosmic noise signals to be received are very weak, 
they can be completely overshadowed by much higher level atmospherics 
and man-made interference. With respect to the latter, riometers, like 
radiotelescopes are generally located where interference from power lines, 
automobile ignition noise, etc., is minimized and they try to use 
frequencies which do not correspond with commonly used man-made trans- 
mitter signals. However, because of the variability of the reflective 
layers in the ionosphere, transmitter signals of frequencies normally 
used at great distances from the riometer site may suddenly become 
quite prevalent. By the use of a swept frequency second local oscillator 
in conjunction with a sample and hold minimum signal detector, this 
effect can be minimized. An interference-free channel of bandwidth set 
by the second I.F. amplifier is sought within the search band which is 
the bandwidth of the first I.F. amplifier. The minimum signal found 


within this band is then considered to be the best estimate of the cosmic 
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notes level. As long as the ratio of the first [.F. amplifier bandwidth 
to the second I.F. amplifier bandwidth is large, it is likely that at 


least one interference-free channel will be found. 


3.3.2 Switching 

Use of the Machin, Ryle, Vonberg receiver replaces the problem 
of gain stability, with that of accurate, stable switching. The greatest 
concern is with the impedances presented to the receiver when the switches 
are in either of their two positions. If the impedance levels are not 
identical the power level of the noise source will not be able to 
accurately follow the power levels of the antennas and errors will 
result. 

High frequency diodes are ideal for riometer switching purposes, 
providing reliable, stable and long-life switching as well as low 
insertion loss (~ .2 dB) and high isolation loss (. 30 dB). An inte- 
grated circuit astable multivibrator could then provide a stable and 
low power driver for the switching diodes. Because the riometer will 
operate for a long period of time, much of which will be under adverse 


weather conditions, it is advisable that the switches be periodically 
checked by replacing the antennas with calibrating noise sources. 

The switching frequency of the receiver switch (switch #2 in Figure 
3.7) need only be as high as that which will render variations in 
receiver gain unimportant. In typical riometers this frequency is on 
the order of a few hundred hertz. The switching rate of the antenna 
switch (switch #1 in Figure 3.7) should be much less than this; due to 
the expected difference in power levels of the left and right circularly 


polarized antennas, sufficient time must be allowed for the power output 
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of the noise source to stabilize. 


3.3.3 Noise Source 


Noise sources are available commercially; however, they tend to be 


expensive, bulky and high power. The noise source is a very important 


part of the riometer, and aside from its most important characteristics 


of thermal stability, linearity and constant impedance, it would be 


preferable that it also be easily controllable, of low power consumption 


and small in size. 


A noise source meeting all the aforementioned requirements has been 


sufficiently described in two papers dealing with a riometer used in an 


Antarctic meteorological expedition [32], [33] and therefore will not be 


detailed here. It is sufficient to say, however, that this noise source 


had a power consumption on the order of 10 milliwatts and its output 


power-versus-controlling current characteristic exhibited linearity with 


less than 2% change in its proportionality constant over the temperature 


range —70°C to +70°C. 


Since the noise source described by Bird et al relies on transistor 


shot noise for its power, 


the corner frequency (see 
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frequency of 30 MHz, which was that used on the Antarctic expedition; 
however, for 12.4 MHz the acquisition of a suitable transistor may be 
somewhat of a problem. Power transitors have low corner frequencies but 
their large structures mean high junction capacitances and a resultant 
shunt on high frequency collector noise. Germanium signal transistors 

do not have this problem and their corner frequency is low, but un- 
fortunately, the dependence of their characteristics on temperature makes 
them unacceptable as well. Owing to the very favorable characteristics 
of this noise source however it is believed that the acquisition of an 
appropriate transistor will be well worth the time spent in a search 


for it. 


3.4 Low Power Riometers 

Due to the fact that riometers operate at isolated sites year round, 
it is desirable that they require little attention. This means equipment 
which is simple, basic and thus reliable. But many sites do not have, 
and will not have, mains power. Therefore once the problem of equipment 
reliability has been solved, it is then necessary to optimize this 
equipment for low power consumption. 

Although, perhaps too simple for our purposes (e.g. no minimum 
detector), the riometer of Bird et al required only 100 m Watts for its 
operation which was two orders of magnitude lower than the typical power 
consumption of previous riometers. As they point out, this power con- 
sumption could probably have been further reduced if the newer lower 
power linear microcircuits and CMOS circuits had been used in place of 
their older linear 1I.C.'s and TTL circuitry. With such low power equip- 


ment solar cells and wind generators become increasingly attractive as 


power sources. 


SAS Data Processing Riometer 


As is pointed out by Hargreaves [4], a big step forward in riometer 
design would be an instrument which not only measured the data but also 
processed it and produced as a result, a record linear with absorption 
in decibels as a function of time. With the current microcomputers 
available it is believed, by the author, that this is entirely feasible. 


A block diagram for such a riometer is shown in Figure 3.9 where the 
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Fig. 3.9 A data processing riometer. 


dual-polarized method of riometry is being used. Operation would proceed 
as follows. 

Sampling of a noise source's current, which should be proportional 
to its noise power would be accomplished through an analog to digital 


converter and would be performed for both the left and right polarizations. 
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The number of bits in the digitized sample would depend on the accuracy 
required and the microcomputer used. The sampling rate would depend on 
the switching frequency between the two antennas which in turn would 
depend on the time it would take the noise source to stabilize for a 
given difference in power. Owing to the short cycle time of a micro- 
processor, which is typically less than 1 us, sampling could be 
synchronized to an accuracy of at least + 10 us (although the drift 
characteristics of a microprocessor as a function of temperature have 
not been considered in this estimate). 

The computer could then take samples throughout the sidereal period 
of interest, say 1 hour, at intervals of perhaps 5 minutes, each set of 
samples in turn being stored. It then has 5 minutes before the next 
Ssidereal period begins to eliminate samples which are not representative 
of the 1 hour interval (due to terrestrial interference or unusually 
high absorption) ,average the samples remaining, convert this average to 
decibels above reference (by direct calculation or possibly through 
look-up tables) and store the result in memory locations (two values 
will actually be stored, one for the extraordinary ray power and one 
for the ordinary ray power) corresponding to that particular sidereal 
hour. Sidereal periods less than the 1 hour interval suggested above 
could be used; however, for a riometer antenna of wide beamwidth the 
sidereal sky brightness variations would be so slow that this should not 
be necessary. Shorter periods are also economically unattractive because 
of the higher cost of implementation due to the greater memory require~ 
ments. 

Each hour would similarly be processed and by the end of a month 


approximately 30 hourly average power levels for both polarizations would 
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exist for each of the 1 hour sidereal periods. As will be described 

in greater detail in Chapter 4, the 30 sets of data can then be used to 
determine the average unattenuated cosmic noise level for the sidereal 
hourly period to which they pertain. The index n and the true sky 
temperatures ,corrected for any cable or switch losses which might exist, 
could then be plotted as a function of sidereal time on a recorder, 
timing signals being generated by the computer. 

Memory requirements of such a processing riometer may be high; this 
will depend on the size, i.e. the number of bits of the data word (byte) 
stored. For just the storage of the average powers for both polarizations 
for a month, the computer would require 2 x 24 x 30 = 1440 bytes of 
data memory; scratch pad memory and program memory would also be required. 

Once the quiet day curve had been determined, it would be a simple 
matter to measure the received noise power in the 5 minute interval 
between samples, convert this value to decibels above reference and plot 
the result along with the true sky temperature computed to that date for 
the same sidereal period. Monitoring of the absorption could be limited 
to periods when this information was desired, whereas updating of the 
quiet day curve as more data sets are accumulated (resulting in a 


greater statistical significance) could be an on going venture. 
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CHAPTER 4 
PROCESSING OF THE RIOMETER DATA 
The procedure of Little, Lerfald, and Parthasarathy for extracting 
the unattenuated cosmic noise background levels from the dual-polarized 
riometer data will now be discussed in detail. An examination into the 
sources of error to which the technique may be susceptible is given, 
Finally ending in a discussion of the degree of accuracy attainable 


by this technique. 


4.1 Extraction of the Cosmic Noise Background from the Measurement Data 


If for the time being, good horizontal uniformity in the ionospheric 
layers can be assumed (justification for this assumption will be given 
in section 4.2.4), then from the development of section 2.5, the 
absorption in decibels for either the extraordinary ray or ordinary ray 


can be written as 


decibels 


where rs is the effective operating frequency of the particular 


propagating mode. The absorption for each mode is thus, 
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If now P is the cosmic noise power that would be received in the 


absence of the ionosphere, Po is the ordinary ray received noise power, 
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and P. is the extraordinary ray received noise power, all measured in 
dB's above reference, then 


Ey eae 
fe) fe) 


and for a given operating frequency f, 


oy i 2m oan “ 1 
ix = ( ara, - 1 = constant = - y (Say) (4.1) 
fe) ex 
or 
ne = M(B. ~ PrP + P (4.2) 


For electron density height distributions such that the significant 
portion of the absorption occurs at levels where v(h) <<27 Bs (heights 
greater than 7/5 km for f = 12.4 MHz), which may be a valid assumption 
for observations made at night, the indexn would be equal to 2. If 
then the longitudinal component of the gyro frequency fF was sufficiently 
well known, the cosmic noise power for the particular observing time at 
which Py and P were measured could be calculated from this one set of 
data. However, fi» which depends on the angle of propagation at the 
absorbing levels, is not sufficiently well known, and absorption does 
not necessarily occur at levels such that v(h) << anf. 

If several sets of powers Po? Ey are accumulated for a particular 
sidereal period, they may then be plotted according to equation (4.2). 
As can be seen from Figure 4.1, the best fit least squares regression 


line through the plotted points determines the level of the un- 


attenuated cosmic noise power from its ordinate intercept. If measure- 


ments are conducted only at night when it is likely that the index n 
is equal to 2, an estimation of f. can also be determined from the 
slope. Using this value of fF an estimation of n can be obtained at 
other observing times. The degree to which such estimates are valid 
can only be born out by experiment. But both f. and n are of interest 
because of the information which they provide with respect to the 
height of absorption. 


The effects which may cause scattering in the plot and errors in 


the reduced data will now be discussed. 
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Fig. 4.1 Sample plots of measurement data. 


4.2 Sources of Error 


4.2.1 Variability in the Height of Absorption 


As was mentioned above and explained in detail in section 2.5, the 
level(s) at which absorption takes place depends on the electron 


density distribution at the time of observation. The result is that 


the index n depends on the degree of solar activity and more importantly 


on the solar zenith angle. 

Solar activity will vary with the 11 year sunspot cycle, and 
except for unusual flare-ups, should exhibit slow enough changes that 
measurements taken over a 1 to 2 month period should exhibit negligible 
scatter due to this effect. It would be expected, though, that the 
average absorption for a solar maximum year would be higher than that 
for a solar minimum year and this is what is observed [13]. 

The effect of a rapidly changing electron density distribution 
during sunrise and sunset is shown in Figure 1.3 (b). Because solar 
time shifts 4 min per day relative to sidereal time, in 1 to 2 months 
of observations the solar zenith angle will have shifted 30° to 60° for 
the same sidereal time. If during the period of observations measure- 
ments are made at a time when the electron density is in a state of 
rapid change, the index 1 will change substantially over the sidereal 
period of interest and a large scattering in the data points will 
result. 

Once the Q.D.C. has been established (i.e. P in eq. (4.2) for each 
sidereal period within the sidereal day) changes in n will be of value 
in determining the degree to which heights of absorption vary; however, 


until the Q.D.C. has been determined these periods of rapid changes in 
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electron density should be avoided. 


4.2.2 Deviative Effects 

If high critical frequencies exist, deviative absorption will occur 
and further scatter in data points in the plot of Figure 4.1 will 
result. Parthasarathy et al [15] maintain that at 10 MHz deviative 
effects will be negligible for critical frequencies < 3.5 MHz, will 
result in an underestimation (<.25 dB) of the derived sky temperatures 
for critical frequencies in the range 3.5 to 5.0 MHz and will result 
in an overestimation of the sky temperatures for critical frequencies 
2ngeOrMuz. 

Another deviative and rather unusual effect was observed by 
Steiger and Warwick [34] in Hawaii (Lat. 21°N) at 18 MHz. They found 
that even when om was greater than 18 MHz (i.e. all energy incident 
on the ionosphere below this frequency should be reflected) considerable 
radiation was still being received. They attributed this phenomenon 
mainly to cosmic radiation trapped and propagated under the ionosphere, 
with a possible secondary source being the thermal radiation emitted by 
the ionosphere itself. 

Although deviative effects should, in general, be negligible, 
(certainly at night) the advantages of having an ionospheric sounder 
operating simultaneously with the riometer are obvious and the future 


addition of one at Seven Mile Flat should be looked into. 


4.2.3 Sidereal Brightness Variations 


Using the data of Andrew [20] for a wide beam aerial centered on 


declination 52° and operating at 13.1 MHz, sidereal brightness 
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variations occur at a maximum rate of approximately .4 dB/hr. Since 
the proposed University of Alberta riometer will also be centered on a 
declination of approximately 52°, operate at 12.4 MHz and use a wide 
beam antenna, it would be expected that the brightness variations would 
also be of this magnitude. 

If the records are then broken up into hourly sidereal intervals 
for which an average value of cosmic noise power is to be determined 
(the sidereal intervals used in the data reduction can be shorter than 
1 hr; however, this should not be necessary due to the slow rate of 
change of the cosmic noise background when averaged over a wide beam 
antenna), the points on the plot would be expected to exhibit an | 
additional scattering of at most + .2 dB, depending on whether the 
reading was taken near the beginning or end of the sidereal interval. 
If, however, the readings acquired over the observation period (1 to 
2 months) are evenly distributed within this interval, the power 
determined from the intercept of the regression line through the points 
so defined, will be the average cosmic noise level for that interval 
(and thus would be plotted as the mid-hour representative value) and 


sidereal brightness variations will not be important [15]. 


4.2.4 Non-Uniformity of Electron Density in the Horizontal Extent 


If horizontal patchiness exists it may be possible that the ordinary 
and extraordinary rays, which in general travel different paths, may 
each traverse characteristically different regions of the ionosphere. 
It would be very difficult to determine which observations suffered 
from such an effect (a clue though would be an extraordinary ray power 


which was higher than that of the ordinary ray) and therefore the 


corresponding data points would introduce errors in the regression line 
plot which would give an inaccurate intercept. 

Yet another effect of horizontal non-uniformity is the reduction 
in the effective beam width of the antenna due to severe absorption 
or reflection. As an example, if 20% of the antenna beam intercepts a 
region which is optically opaque both the E and O modes will appear to 
have had an additional 1 dB of absorption (window effect). The 
difference in their powers will still be indicative of the actual 
absorption; however, the ordinary ray power will now be 1 dB less than 
what it would be if the layers had been uniform. 

Studies of this problem have been conducted [9], [15] and tend to 
indicate that even for an antenna with HPBW ~ 60°, uniformity in the 


horizontal extent is reasonably assured. 


4.2.5 Interference 

If observations are to be made during the day, one of the most 
likely sources of interference is the sun. However, evidence [9], [13] 
suggests that the contribution of signal power from the quiet sun, for 
wavelengths on the order of 10 meters, is less than 1% of the cosmic 
noise background when averaged over a broad beam antenna. As observed 
by Heisler and Hower this may not be the case during solar maximum 
periods where the contribution to the Pee teed power may be as high as 
20%. Under such conditions, however, the interference should be 
obvious from the temporal behavior of the charts and, therefore, the 
corresponding data should be excluded from those used to determine the 


regression lines. 


Atmospherics, like solar bursts, are easily detectable because of 
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their high level. Their most serious effect is that they are responsible 
for the loss of much data, thereby necessitating a longer data acquisition 
time in order to achieve the same level of statistical significance. 
Man-made interference can also result in loss of data although it is 
hoped that this will be minimized due to the use of a minimum signal 
detector as described in section 3.3.1.1. 

The only other source of interference that may be encountered is 
that due to the decametric radiation from Jupiter. At 20 MHz it has an 


ae nape [23], which is at least as great 


average flux density of 10 ~~ Wm 
as Cassiopeia A, generally the strongest radio source in the sky. 

Evidence further suggests that the flux increases as frequency decreases, 
at least down to 10 MHz. 

Because the radiation emitted from Jupiter is right circularly 
polarized (at least at 20 MHz), it may represent an important source of 
error when it is in the beam width of the antenna despite the broad beam 
averaging effects. Fortunately, since Jupiter's path lies essentially 
in the plane of the ecliptic, for an antenna with HPBW % 60° its effect, 
if it has one, should not be observable until approximately 1981 [35]. 

By that time the riometer should have been in operation for some years, 
and the cosmic noise background for the sidereal periods, which will 
then contain Jupiter, should be well known. The additional noise due 
to Jupiter for each polarization can then be determined and hence, the 
degree and type of polarization of its non-thermal emissions can be 


computed. At 12.4 MHz, this knowledge should be of some scientific 


interest. 


4.2.6 Polarization of the Cosmic Noise Background 


If the difference in power received by the left and right 


Mh 


Bd i ee a Ree , men 


Y . ve hog alent ahi me sotphaqot nt 


anh | ae 


hey cont tanita eee som ‘liad tasters, va, st cor ae: a 


¥ a 


eens xt. baord: eta! ustigagh seria, ota ig, ah anh gilt sy thy i 


POA ESS 


eli Sanareaan wats ding, a) abet, woth eon ymete 
sdoathe ph POR 0 hedw stab oko. ina aidan “ * 


i 


ite *) teen, imaleahied 


ns snl ini 


circularly polarized antennas is to truly indicate the difference in 
absorption between the extraordinary and ordinary modes of propagation, 
then the incident polarization must be random (i.e. unpolarized). 
Existing evidence [15] suggests that at high frequencies, when cosmic 
radio noise is averaged over a broad beam antenna (HPBW ~ 60°) and a 


non-zero receiver bandwidth, this is true. 


4.2.7 Oblique Rays 

Owing to the greater attenuation of oblique rays, the antenna 
temperature of a riometer will be lower than that which would be 
recorded if only rays passing vertically down through a horizontally 
stratified absorbing region entered the beam. Thus there is an 
"apparent absorption" measured which will be higher than the actual 
zenithal absorption. 

For accurate absorption measurements, the measured absorption must 
be corrected to zenithal absorption. An example of such a calculation 
for a vertically directed riometer antenna of beamwidth + 32° to half 


power is given by Ecklund and Hargreaves [36]. 


4.2.8 Thermal Noise from the Ionosphere 

Except during periods of high absorption when received cosmic 
noise powers will be low, the error introduced by assuming a cool 
ionosphere will be negligible. At 12.4 MHz the equivalent temperature 
of the unattenuated cosmic noise background will be on the order of 
Zo 10°°K and electron temperatures in the absorbing regions should not 


exceed a few hundred degrees [9], [39]. This latter figure must then 


be multiplied by the efficiency of the absorbing region which should be 
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less than 304 under normal observing conditions. Thermal noise due to 


the ionosphere thus should be of little consequence. 


4.2.9 Errors and Uncertainty Due to Equipment 


4.2.9.1 Antenna Axial Ratio 

Contamination of the received powers of either the extraordinary 
or ordinary mode will occur if when the antenna system is supposedly 
responding to only one polarization it is also responding slightly to 
the other. A figure of merit in regards to the degree an antenna 
responds to polarization of opposite hand is the parameter Q, defined 


as 


es) 


L ia 
apega Ole 
where, if |Q| > 1 the antenna is said to be left elliptically polarized 
(LEP) vand it |Q| < 1 the antenna is said to be right elliptically 
polarized (REP). 
For an antenna with a given Q factor, the tip of the electric 


vector of the received radiation viewed along the path of the wave would 


appear to describe an ellipse with axial ratio (AR) of magnitude 


LTO 


jar] = tlol 


(For a more complete discussion of axial ratio the reader is referred 
to section 6.2). For an antenna, then, that is perfectly right 


circularly polarized, Q=0 and the axial ratio is unity. 


60 


Of course, a real antenna has a finite beam width and over that 
beam width the axial ratio and, hence the degree to which an antenna 
responds to opposite polarization, changes. An antenna which responds 
to nearly circular polarization on axis may become extremely elliptically 
polarized off axis. If for the sake of argument, the left and right 
polarized beams of the riometer antenna system are each assumed to have 
an average axial ratio magnitude of 2 over the entire significant 
portion of their beams, and if the effective collecting area for either 
polarization is A. then through the use of Stokes" parameters it can 


be shown that 
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where 
Po = power received by the left polarized beam 
PR = power received by the right polarized beam 
55 = flux density of the ordinary ray radiation which in the 
Northern Hemisphere is essentially LCP 
S. = flux density of the extraordinary ray radiation which in 


the Northern Hemisphere is essentially RCP. 


Letting P =S A and P =S.A_ represent, respectively, the 
fe) oe x xe 
ordinary ray and extraordinary ray powers available to the antenna 
system, which are the powers of interest, then due to the contamination 
of the opposite polarization, the antenna system described above 


indicates an ordinary ray to extraordinary ray power ratio of 
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The percent error is thus 
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percent error = 
If the largest difference to be expected between the E and O powers 
under normal conditions is 3 dB (i.e. ait = 2), then the percent 
error in the measured ordinary ray to extraordinary ray power ratio 
is 13504. 

Since the above development does not take into account the weight- 
ing of the received radiation due to the power pattern, which should 
favor the region of nearly circular polarization on the antenna beam, 
the error estimate is probably quite pessimistic. However, it does 
show that for an antenna with poor on-axis axial ratio or one with an 
axial ratio that drops off rapidly from its zenithal value, polarization 
effects can be severe. By a similar development as that presented above, 
it can be shown that if the axial ratio magnitude is less than or equal 
to approximately 1.2 over the significant portion of the beam (this 
would give an error on the order of 1%) or the off-axis axial ratio is 
sufficiently well known so that its effect. could be calibrated out, 
this polarization effect could be neglected. As will be seen in Chapter 
7, both of these criteria were achieved through experimentation of 


model antennas on an antenna test range. 
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4.2.9.2 Antenna Power Patterns 

Except those riometers which have been used in the study of 
horizontal non-uniformity in the ionospheric layers, riometers have 
almost without exception used relatively wide antenna beams with half- 
power beam widths on the order of 60°. The reason for this is 
partially economical as narrower beams require arrays which add to the 
complexity and, therefore, the cost of the riometer system. It is 
primarily a practical reason, however, since, as mentioned previously, 
use of a wide beam aerial results in a galactic background that should 
appear as a slowly varying function of sidereal time and also results 
in solar noise contributions which should be insignificant with respect 
to the level of cosmic noise radiation received. In addition, the 
dual-polarized riometry Sette ota tees that a wide beam antenna be 
used in order to ensure that the cosmic radiation when averaged over 
the wide beam is randomly polarized. 

Side lobes are undesirable because of the increased susceptibility 
of the antenna beam to interference, natural or man-made, and the greater 
complexity in correcting the observed absorption for oblique rays. 

Power patterns which are not identical for both polarizations will 
result in erroneous power difference measurements because the patterns 
of the two polarizations will respond to different portions of the sky. 
By using antennas with identical vertically symmetric patterns this 
problem will be avoided and if the patterns are also circularly 
symmetric proper orientation will not be necessary. 

At a declination of 52°, circularly symmetric beams are also 
advantageous in that they should not "line-up" with the plane of the 


Milky Way Galaxy as a vertically directed fan beam of the same area 
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could. This should then result in a smoother cosmic noise background 


to be observed. 


4.2.9.3 Antenna and Cable Losses 

Antenna and cable losses can be easily measured and the data 
corrected accordingly. Thermal noise due to the cable should be 
negligible, however, if this is in doubt it can be measured and thus 
calibrated out. 

if ineis felt that ae the cable's power transmission coefficient, 
will change more than 1% over the expected temperature range of -50°C 
to +35°C, or through aging, it may be advantageous to bury the feed 
cable with an identical length of compensating cable, which would be 
connected between the noise diode and the switch (see Figure 4.2). Re- 
calling the expression (equation (3.5)) for the power at the receiver 


input terminals when the switch is connected to the antenna side, as 
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Then with the compensating cable in place, the power at the noise 


source side is given by 
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Fig. 4.2 Riometer with temperature compensating cable. 


and no errors will result due to uncertainty in the cable transmission 


coefficient. 
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4.3 Attainable Accuracy 


4.3.1 Comparison with the Standard Riometry Method 

Parthasarathy and Lerfald [38], using the dual-polarized method of 
riometry at 5, 10 and 20 MHz and standard riometry at 30 and 50 MHz, 
quote the following uncertainties in derived sky temperatures for 
College, Alaska (Lat. 65°N): 
dual-polarized method 5 MHzs3 + .5 dB (+ 12% and incomplete) 

10 and 20) Miz ->2.25 dB (= 67) 

Standard riometry method 30 wand DOeMHZs +.15 dB (2 3.97). 


Their claim is based on the following principal experimental 


precautions: 
a) identical antenna patterns at all frequencies 
b) dual-polarized method used at lower frequencies 
c) adequate ground mesh to avoid uncertainties due to 


ground conductivity 
d) an extended period of observation to ensure experimental 
repeatability of measurements 
e) careful routine monitoring of all system impedances. 
They attributed most of the error (+.2 dB) in their 10 MHz data 
to uncertainty in the degree to which horizontal uniformity in the layers 
existed and to uncertainty in the levels at which absorption was taking 
place. Another .05 dB was attributed to antenna cross-polarization 
effects and all other errors were either calibrated out or negligible. 
As a comparison, the data obtained by B.H. Andrew [20] using only 
the standard riometry method at an observing declination of 52-5: lists 


the following. uncertainties in the derived sky temperatures: 


i Sih: 
aeic 
1 
a 
Pe week, ete 
a Rome) ake 
ree ei, Ti dena 
r . P a 
, eee eal 4 tak | 
j ' MRA RW LIE | pee w A 4 
r 7 1h 
AN 
; } f 
, : 
ve An 
Hf 
® c i 
a Oa ae 
ot 
f 
rh Fe i 
ay? t oR fos r t, 
r 
1 en 
a) 
i 
ow ‘i 
( ’ 
4 
f iw a eee my ‘ y 
i - oe ‘| WILY tC 
' nf iy 4 
va Ait ‘ 


Abe: 


f Ae 6s ie ATA a 
ee en omy te 1 
Dray & hg ; hie ¥ ¥ i ty 


yale 


a bg . 


si Aor ay 


b ki peal I of) Tun x i 
os rh Abe 4 
ay Hy i Ae re H 


ea 
ake ' a 
i eae i 


10 Mize 25157 cand incomplete 
bocreaud Li uo MHzs on 167 
26.5 and ePepiy labs ce hs 9 
The improved accuracy at 10 MHz is substantial, especially when it is 
realized that the ionosphere at auroral latitudes, i.e. at College, 


Alaska, is especially variable in its properties. 


4.3.2 Best Accuracy Believed Possible Under Favorable Conditions 


4.3.2.1 At Receiver Input Terminals 


If the temperature of the ionosphere in the absorbing regions 
(altitudes < 100 km) can be assumed to have a maximum value of 
SO < 400°K and if its transmission coefficient ec, is always greater 
fon es ion 
than .7, the error introduced by assuming a cool ionosphere (i.e. it 


does not contribute to Tae the noise temperature of the antenna) for 


a ; 
a sky background temperature of Bale eh 2s LO 7K ois 


Oe ia na 


=, 86x coe 


z 7 (< .004 dB) 
ion sky 
and thus negligible as expected. 

If now it is assumed that enough measurements have been taken at 
night so that it is relatively assured that so < 3.5 MHz, (since no 
ionospheric sounder will be available), according to the discussion of 
section 4.2.2, deviative effects will be negligible (say < .02 dB of 
absorption). 


As with the measurements taken by Parthasarathy and Lerfald, it 
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is assumed that the largest error contribution will be due to un- 
certainties in the heights of absorption and horizontal uniformity of 
the absorbing layers, which will mainly be responsible for the 
scattering in the Py versus (Po - ie) plots. This error can be 
calculated once the regression line has been determined. However, owing 
to the fact that horizontal uniformity should be better at the lower 
latitudes and the nighttime absorbing layers should be relatively 
constant in comparison to those in the auroral zone, an upper bound of 
-l dB standard deviation should be realistic. Then since polarization 
effects for an antenna with AR A 1.2 over the significant portion of 
its pattern should be negligible, an upper bound on the maximum error 
in the sky temperatures measured up to the input terminals of the 
receiver is’ .12° dB (< 37). 7 If greater accuracy is’ to’ be: attained 

(< 1%) measurements must not only be restricted to the nighttime when 
deviative effects are negligible and ionospheric properties relatively 
stable, but they must also be taken over a long enough period of time 
(at least 12 months) to obtain a greater degree of statistical significance, 
thus reducing the errors due to regression line uncertainties to less 
than .02' di. 

Thus the dual-polarized method's normally short data acquisition 
time is sacrificed in order to attain higher accuracy. It should be 
pointed out, however, that for the same level of statistical 
significance the standard riometry method would require data acquisition 
times at least 2 to 3 times longer. It is also important to note that 
although uncertainty due to deviative effects is introduced into both 
the standard riometry method and the dual-polarized method uncertainty 


due to non-deviative effects is a problem only of the standard riometry 
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method. Almost certainly for solar maximum years, an additional error 
of .1 dB is likely, due to this problem, if measurements are conducted 


by the standard riometry method. 


4.3.2.2 At the Output of the Integrator 


Although the receiver itself is a generator of noise, the level 
of the noise does not contribute to errors in the measurement of 
absorption because like gain fluctuations it affects the noise power 
from both the antenna and noise source in the Ryle-Vonberg receiver. 
Instead the receiver noise imposes a limit on the sensitivity with 
which a given power can be measured because of the inherent statistical 
fluctuations in the output of the receiver. For a receiver which is 
connected to the signal only half the time, the RMS voltage fluctuations 


in the output of the integrator are [22] 


Av = 


2v 
¥BT 


where v = mean value of the detector voltage 


B receiver noise bandwidth 


post-detection (integrator) time constant. 


e 
Thus for output fluctuations on the order of 1% (.04 dB) and a 
receiver bandwidth of 10 KHz, t must be approximately 4 seconds. Since 
the riometer employs a minimum detector it should not be necessary to 
keep t small so that recovery from high level interference is rapid. 
A time constant of 4 seconds should therefore not be prohibitive and 
if large changes of absorption occur on the order of minutes, this 


value can be further increased with a resultant drop in detector 
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voltage uncertainty. 


4.4 Conclusions 

It is apparent from the discussion of the preceding sections of 
this chapter, that despite the optimization of equipment and the 
numerous corrections for its deficiencies, the measurement of ionospheric 
absorption by any method still suffers from a basic lack of knowledge 
of the ionospheric properties at any given time, at any given frequency, 
above any given observing location. 

The dual-polarized method has, at least at auroral latitudes, 
proven itself to be more accurate than the standard riometry technique. 
But even whether this method is capable of measuring ionospheric 
absorption to within 1% is not known. If all investigations cited had 

been made on the ionosphere above Seven Mile Flat and at 12.4 MHz, a 
much more reliable estimate of accuracy could be obtained. However, 
assumptions must be made with the information available. The validity 
of these assumptions can only be born out once the equipment is built 
and in operation. If the dual-polarized method is found to be un- 
suitable, reversion to the standard riometry technique is not so much 


an equipment modification as it is a data processing change. 
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CHAPTER 5 
THE CONICAL LOG SPIRAL ANTENNA 

Selection of a suitable antenna for use in the dual-polarized 
riometer, was based on the following criteria: 

a) good response to circular polarization over most of the beam 

width 

b) HPBW on the order of 60° with a single element 

el symmetrical pattern (and preferably circularly symmetric) 

d) no side lobes 

e} simple to construct. 

As was mentioned in Chapter 1, the conical log spiral, in comparison 
to the other antennas considered (crossed dipoles and helices), met 
the first four of these characteristics admirably well, and in addition, 
displayed a certain degree of freguency independence which wauld he of 
value in multifrequency riometry experiments. It's one major fault, 
however, was its height (wv 30 meters) and ways of reducing it were 
investigated. 

It was known that this height could be reduced by about 2/3 through 
truncation with only minor changes in pattern and slight degradation of 
the on-axis axial ratio. What effect truncation would have on the off- 
axis axial ratio, however, was not known. With the aid of an antenna 
test range, this parameter could be determined and possibly at the 
same time, ways could be found to further reduce the height or at 
least change the shape (e.g. pyramidal) to facilitate construction. 
This was the approach taken. The design, construction and operation of 


the antenna test range will be discussed in following chapters. 
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2.1 Geometry and Defining Equations 
The defining equations of the 2-arm conical logarithmic spiral 


antenna are: 


D 


Pp, explmb(d - 5)/180] 


sind 
re) 


tana 


where the symbols are as shown in Figure 5.1 and all angles are in 
degrees. The parameters 8 a and 6 are referred to, respectively, as 
the cone angle, angle of wrap and the angular arm width. 


The truncated cone height h can be found from 


and the total length of one spiral arm is given by 


a (Dea) sseco. \ Vhsece 
ei) Zaeind cos8 
oO re) 


For 6 = 90°, these equations reduce to those of the planar logarithmic 
fe) 


spiral antenna. 


5.2 The Standard Antenna Model 
Modelling is a very useful engineering tool in the investigation of 
the radiating properties of an antenna whose characteristics would be 


very difficult if not highly impractical (e.g. aircraft antennas) to 
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of tens of meters and then put a great deal of effort into measuring its 
properties, only to find they were not suitable. 

Reduced versions of the antennas under consideration would, there- 
fore, be tested on the antenna test range. Their only requirements were 
that they be exact geometrical scale models of the corresponding full- 
size antennas and that nonlinear media (e.g. ferromagnetic material) be 
absent from their construction and in fact from any part of the range 
[39]. Such models are, therefore, capable of giving direct information 
on those properties of an antenna which do not depend on power level 
such as polarization and relative power pattern, the quantities of 
interest here. A geometrical model antenna which has been scaled 
down by a factor of m must then be operated at a frequency m times that 
of the full-size antenna in order that its radiating properties be 
equivalent. 

For calibration of the test range, an antenna whose off-axis axial 
ratio and radiation pattern were well known, was required. For our 
purposes, Dyson [17], [40] had sufficiently defined these parameters 
for a 2-arm conical spiral antenna with cone angle oe = 10°, angle of 


wrap a = 80°, and arm width 6 = 90°. Hence, this was the standard used. 


Dyes esi en 


From Figure 5.2 which shows the relative amplitude of the near 
fields along the surface of the cone (the designations aio? 15> etc. 
refer to the radius of truncation at the relative near-field amplitude 
indicated by the subscript), it can be seen that truncation at 30 dB 


down points will introduce negligible changes in the radiation pattern; 


therefore,let 
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RELATIVE AMPLITUDE IN dB 


Fig. 5.2 The near fields of a conical log spiral antenna 
(28 =20°, a=80°, 6=90°) and the effects of truncation on 


its far-field pattern [18 ]. 


The remaining parameters of the antenna are determined as 
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5.2.2 Specifications and Characteristics 


The electrical properties of the spiral so defined (i.e. 20 =20", 
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a=80°, 6=90°), as measured in free space, are from Dyson's curves, 


HPBWO 2 eye e4? 


iH 


HPBWo 1G3hie 43 
Peoucmco pack. Ratio. = 71 7rab 


Axitab Ratioe(9=04%, 30°, 60°)=(1.0, 1.2, 1.8) 


N 
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1102 (infinite balun feed) 


N 
i 


1502 (on axis feed) 
The method of feed for a conical spiral antenna will be discussed in 
section 5.2.4. 

The specifications above refer to an antenna which is operated in 
free space. Operation over a ground plane with the metal arms bonded 
to the plane apparently narrows the beam width somewhat but does not 
deteriorate the general pattern [17]. No information was available 
on the effect a ground plane would have on the axial ratio although 
because of the small back lobe, it was expected that it would be 
slightly poorer. 

As pointed out by Dyson, conical spirals do not exhibit a unique 
center of phase. However, over a portion of the main beam an "apparent 
center of phase may be defined" which for the high angle of wrap 
(a > 80°) antenna described above would be approximately half-way up 
the structure along the axis. 

For conical spirals with parameter b ‘ .05 the pattern is essentially 
rotationally symmetric. 

Typical conical spirals exhibit an axial ratio change of approximately 
15% for a 90° change in azimuth position [17]. 


All conical spiral. antennas appear to require a base diameter of at 
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least A/n for efficient operation and only minor radiation pattern 
changes relative to those spirals formed on extended conical structures. 
It is of note that this diameter corresponds to a base circumference of 


X which is a dimension characteristic of efficient radiators. 


D2. Fabrication 
The arms of the antenna described above, are defined by the 


equation 


0 = .173A exp[m .0306 (¢-6)/180] 


The edges of the first arm are defined by op when 6=0° and 6=90°. The 
edges of the second arm are defined by these same values of 6, but 
after ¢ has been multiplied by mus i.e. the second arm is identical 
to the first but shifted 180°. This type of conical spiral (with 
6=90°) results in a conical surface with equal portions of dielectric 
and metal arms and, hence, is called a self-complementary antenna. It 
has been found by Dyson that these self-complementary antennas exhibit 
the best radiating properties. 

Now that the equation for the antenna has been determined, it then 
becomes a simple matter to plot points ( p as a function of ») ona 
conical structure with the appropriate cone angle. This was considered 
to be a rather crude method of determining the position of the arms for 
a test standard, and certainly also time consuming. A computer program 
was, therefore, written for this purpose and is described in more 
detail in Appendix A. With the aid of a digital plotter, the computer 


drew out a pattern (see Figure 5.3) which when cut out, folded into 
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Fig. 5.3 Sample computer plot of conical spiral fabrication 


pattern with parameters 20 =70°, a=85°, 6=0°. 
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the desired conical structure with the appropriate spiral arms (each a 
different color) marked on it. The program was interactive; therefore, 


new values of oo? Qa, Po? 0 ¢ (H/cos0 |) and 6 could be entered on each 


ma 
run, allowing for the rapid design of any of a number of different 
conical spiral antennas. 

The pattern, thus achieved, was then transferred to a piece of thin 
cardboard, which acted as a form, onto which the metal arms, made out 
of 3 mil brass shim, were attached. (The 3 mil thickness of the arms 
represented eighteen ‘skin depths" at 1 GHz.) The planar cardboard 


pattern was then formed into a cone and the metal ends soldered 


together. 


Dees celine, reed system 


There are two main methods of feed for conical spiral antennas. 
One method is to bring a balanced transmission line up from the base 
along the axis of the cone to the apex where one wire is connected to 
each arm. According to Dyson, the balanced line may be shielded or 
placed inside a metallic cylinder as long as the diameter of the 
cylinder is no more than 1/3 the diameter of the cone at any point 
along its axis. Conversion to an unbalanced coaxial feeder cable may 
be made through the use of a balun or coaxial hybrid; however, except 
in very large structures, i.e. where the transforming device's size is 
relatively insignificant, this transition should be accomplished outside 
the antenna. 

The second method of feed is to bring the coaxial feeder cable along 
one arm up to the apex where its center conductor is then connected 


to the outside sheath of a "dummy cable" attached to the other arm. 
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The outside sheath of both the dummy cable and the feeder cable, then, 
become part.of the ;spiral arms... As Jong as the, arms at the base of 

the antenna do not carry appreciable antenna currents the feed terminals 
are isolated from ground in a balanced manner. This method, devised 

by Dyson, is termed the "infinite balun feed"’ and has been found to be 
the most effective method of feed, especially in regards to preserving 
the large inherent bandwidth of the antenna. It was, therefore, the 


method used on the standard conical spiral. 


5.2.5 Cable-Arm Version 

If the width of the spiral arms of the standard conical spiral fed 
by the infinite balun method is reduced until only the cable remains, 
the antenna is found to have, generally, the same radiating character- 
istics as the complementary antenna, although the input impedance is 
slightly lower. These antennas are referred to as cable-arm conical 
spirals and were built to test the truncation properties of the spirals 
since turns could be easily removed from both top and bottom. Because 
cable-arm conical spirals are far easier to construct than their metal- 
arm counterparts it was likely that this type of conical spiral, which 
used coaxial cable for its spiral arms, would be the type used in the 
full-scale antenna. Thus the results of test range measurements on 
such antennas would be directly applicable to the full-scale antenna. 

Fabrication of this type of model was accomplished by transferring 
the appropriate pattern onto a styrofoam form cut to the proper cone 
angle. The feed cable (RG - 59/U) was then wrapped around the form up 
to the top of the cone where the center conductor was attached to the 


outside sheath of a second (dummy) cable, which then spiraled down the 
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cone to the base. 
A photograph of the cable-arm version of the standard conical spiral 


next to its metal-arm counterpart is shown in Figure 5.4. 


5.3 Wide Cone Angle Conical Spirals 


An example of a wide cone angle conical spiral antenna with cable 
arms is shown next to the standard conical spiral in Figure 5.5. As 
shown by Dietrich and Long [19], the advantage of using wide cone 
angles (26 > 45°) is that a base of circumference A could be retained, 
making the structure an efficient radiator but without the excessive 
height of the smaller cone angle structure. (Dietrich and Long built 
two oppositely polarized 37 meter high conical spiral antennas, 
operated as an ionosonde over the frequency range 2 to 20 MHz.) This 
method of height reduction was therefore of interest and models such as 
that shown in Figure 5.5 were built to be tested on the antenna test 
range. 

These cable-arm models, owing to their very small size used RG-174/U 
miniature coaxial cable as the feed cable and cardboard as the form. 
The computer plot of Figure 5.3 is one of the patterns used in the 


fabrication of these wide cone angle antennas. 
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Frog; 224 The cable-arm version (left) of the standard 
conical spiral (200 = 20, a= 80°, 6 = 90), shown next to its 
metal-arm counterpart. 


Fig. 5.5 One of the wide cone angle cable-arm antenna 
models (260 = 70°, a = 87°), shown next to the much 
taller standard conical spiral. 
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CHAPTER 6 
THE MICROWAVE ANTENNA TEST RANGE: 
DESIGN AND CONSTRUCTION 

As has been pointed out in Chapter 5, many of an antenna's propert-— 
ies can be determined by conducting tests on a geometrical scale model 
of the actual antenna. The reduced size of the antenna under test then 
allows measurements of its radiating properties to be conducted at a 
reduced distance. The radiating properties to be determined by the 
test range described in the following sections were the antenna's axial 
ratio and power pattern. 

Unlike most test ranges, which are concerned with the far-field 
radiation pattern of the test antenna, the primary function of the 
range described here was the determination of the polarization response 
over the beam area of the antenna under test. It was hoped that in the 
process the power pattern could also be determined to a reasonable 
accuracy. However, because the patterns of the antennas to be tested 
were fairly well known and since it was expected that the full scale 


antenna would have its pattern measured at the observing site, this was 


of secondary concern. 


6.1 The Test Site 


For obvious reasons, test ranges must be located in minimum radio 
interference areas and where the effects of reflections from obstacles 
could either be neglected or readily calculated. Indoor ranges are 
expensive because of the large amount of high quality absorbing material 
required even for a small test room. Because the beam of the riometer's 


antenna would be directed at the zenith, the models to be tested would 
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be oriented such that their maximum radiation would also be vertically 
directed. If then, a test site could be found outdoors such that most 
of this radiation would be emitted harmlessly into space, thereby not 
contributing to stray reflections, much less absorbing material would 
be required and thus the cost minimized. For this reason and because 
of its accessibility, the roof of the Electrical Engineering Building 
was chosen as the test site. 

The north, east, south, and west views from the ae site are shown 
in Figures 6.1, 6.2, 6.3, and 6.4, respectively. Adjacent buildings 
were relatively distant from the test site, the closest being on the 
north side and representing an obstacle 20 feet high at a distance of 
approximately 210 feet from the proposed location of the transmitting © 
antenna. As can be seen from the photographs, ventilating ducts, the 
metal hand rails on the entrance ladder, and metal sheeting which 


bordered the roof provided more immediate obstacles. 


6.2 The Measurement of Axial Ratio 


SUCRE & Polarization Ellipse and the Poincaré Sphere 


In section 2.3.1, the particular case of a wave propagating with 
circular polarization was discussed. It can be shown [22] that the 


electric field vector of the wave, with components in the wave-front 


given by 
E @=E-sinWt-6z) 
“ cls 
and 
E =E, sin(wt-BztA) , 
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Fig. 6.1 North view from test site. 


Fig. 6.2 East view from test site. 
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Fig. 6.4 West view from test site. 
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Fig. 6.5 The polarization ellipse and its defining parameters. 


in general, describes an ellipse characterized by the angles y, ce, and 


t (see Figure 6.5). These angles are defined by the equations 
E 
y= le Soh Hae va oO 
EF se ae 


= al 
rr tan SERS IC2S 0° < x < 180° 


ied ae . 
- = Sin Sane Sind) = 2) Sou ese, 


The angle ¢« is also related to the axial ratio by the equation 
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rh 


where if AR < 0 the wave is right polarized and if AR > 0 the wave is 
left polarized. 

The various polarization states that a wave may have can be repres- 
ented on what is known as the Poincaré sphere, one-eighth of which is 
depicted in Figure 6.6. Any point on the sphere represents a particular 
polarization state M(e,t) with coordinates, 


2€ 


Poincaré latitude 


ae 


iH] 


Poincaré longitude. 


Polarization stale 


M(e,7) 


Fig. 6.6 Section of Poincaré sphere. 


It is also possible to show that the great circle distance MM, between 


any two points, M, (e,> T1)> M, (€ 9 To) on the sphere, is given by [40] 


A =18 5 , c 
MM, = cos [sin2e,sin2e,tcos2e,cos2e,cos (2, 2t,)] E (6.1) 


a Lite ila 
ait svaw pen e 0 < ta ; 
| +) 


oy ~— 7 Ty 3 A 
at datdw 30 sdgle-ene ,sxetqe Sxsonkot | 
“eu 4 au y - 
_ 
wi ijrag 6 fi asestqs3 Sistqes on 
me ihe 
— Dasoniot to sotsiet a a " 
ry ‘tg 
; i ) au : - 4 nH ar a 
il ra cae’ 7] Un 
. 3G Mo wetet hi atotts seoig) ads suas. % ar 
= s at 7% nN 
[Oal +d ‘ 
¥ « 
(i.6) 
} / 
j 
) Ai 


88 


6.2.2. Practical Aspects 


6.2.2.1 Extraction of the Axial Ratio from Power Measurements 
The practical measurement of axial ratio can be accomplished by 
the use of a dipole rotated in the plane of polarization of the wave. 


According to Kraus [22], the voltage received by this dipole is 


ae 
V= E& cos 7 tree} 
where 
2 Z ; : 5 
E = Ey SE ES = the magnitude of the electric field vector 


in the wave-front 
4 = the dipole's effective length 

MM _ =the great circle distance between the polarization 
state of the wave Motes t5) and the polarization 
state of the dipole antenna M (e,; one on the 
Poincaré sphere. 

Thus, as a linear dipole antenna rotates, its polarization state 
on the Poincaré sphere, as can be seen from Figure 6.7, moves along 


the equator (e,=0) and, therefore, by equation (6.1) 
MM = Lt nee cost(2t. =2t ily 
wa W aay, 


Thus using equation (6.2), when Teo (see Figure 6.8 (a)) the volt- 


age received is a maximum and equal to 
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Fig. 6.7 Some polarization states on the Poincaré sphere. 
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Fig. 6.8 Relative orientation of a linear dipole antenna with 


to the wave polarization ellipse. 
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and when he ona Sa 90 (see Figure 6.8 (b)) 


Vee oes EO Sin € 
e W 


and hence, 


As will be seen later in the section on the receiver, the voltage 
detected will be proportional to the square of the voltage at the 


antenna terminals, i.e. proportional to the received power. Therefore, 


ee ee max ,2 2 
DELTAS min 
min 


Also the total power in the wave front is proportional to the sum of 


the detected voltages, i.e. 
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It should be pointed out at this time, that although the above 
development has assumed that the antenna whose polarization response 
is to be measured is the transmitter and the rotating dipole is the 
receiver, by reciprocity the results should be identical if the roles 
were reversed. Owing to the stability requirements of the oscillator 
(which will be discussed in section 6.6.4.1) supplying power to the 
transmitting antenna, it was not desirable to have it located outdoors 
and if it was inside, it was not feasible to have it feed the rotating 
dipole due to the length and inflexibility of the cable that was 
required. (RG-213/U was used to minimize power loss.) Hence, the 
antenna under test was the transmitter and the rotating dipole the 


receiver. 


G.2-2-2 VsAintaining the Plane oly Polarszzation 


If the axial ratio over the pattern of the antenna under test is to 
be accurately determined, the dipole's rotation must always remain in 
the plane of polarization of the wave. This plane would always be 
perpendicular to the radial drawn between the phase centers of the two 
antennas. Hence, the easiest method of maintaining the proper orientation 
was to have the rotating dipole traverse a circular path. Then for 
test antennas which radiated in only one hemisphere, the entire polar- 
ization response could be measured using a quarter circular arc as 


shown in Figure 6.9 and allowing the antenna under test, placed at its 


focus, to rotate in azimuth. 
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Fig. 6.9 Example of one method of carrying out axial ratio 


measurements. 


The radius of the dipole's path need not be excessive. Dietrich 
and Long [19] have shown that satisfactory far-field axial ratio 
measurements could be carried out on conical spirals at only one 
antenna height above the apex of the cone. It was expected that the 
tallest antenna to be tested would have a cone height of 1.5\; the 
minimum test distance could, therefore, be 3X above the ground plane 
(assuming the probe was small enough so that it did not perturb the 
field). 

Since it was believed that this was not a widely accepted distance 
for carrying out axial ratio measurements, the measurement distance was 
tentatively and somewhat arbitrarily set at 10A. Further criteria 


for determining this distance would come from the requirements for 
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measuring the far-field power pattern. 


OSS Measurement of the Far-Field Power Pattern 

As can be seen from Figure 6.10, if r the distance from the center 
of phase on the antenna under test (in this case a conical spiral) to 
the point P where the field is to be measured is large, then Rr for 
any source distribution on the antenna structure. Under these conditions 
the field at P appears to be due to a point source located at a distance 
r from the point where the field is measured. ' The point P is then said 


to be in the far-field of the antenna. 


PHASE CENTER 


Fig. 6.10 A source distribution contributing to the field at point P. 
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There are two general criteria for establishing where approximately, 
this far-field region begins. One of these criteria concerns itself 
with the error in the magnitude of the field contribution due to a 
particular source on the antenna structure and the other with its phase. 
It can be shown that the worst case magnitude error occurs when 6=0° 
and the worst case phase error when 6=90°. Under these conditions, the 


criteria for determining the far-field region become, 


mee Sat for less than 10% error in magnitude 


2a" 
e 


en for less than sokeeese) error in phase. 

Since the conical spirals tested would all be located above a 
ground plane,d. the maximum effective dimension of the antenna would 
in this case be 2h. Thus, since the tallest antenna to be tested 


would have a height of hv1.5), 
Eero) for less than 10% error in magnitude 
ri?) 18\y9 for! less: than ~ (22.5°) error in phase. 


It was expected that the test range would be operating at a wavelength 
of A4X1 foot (f=985 MHz); therefore, satisfactory far-field pattern 

and axial ratio measurements could be conducted if r > 18 ft. It was 
decided, however, that owing to the weight and awkwardness of the 
structure required to guide a dipole through a 90° arc, an upper bound 


to its radius of curvature would be 16 feet. Allowing 1' for the finite 


, 
@.7¢ 


brgod zsqqu nies, 978 “0 “2 


faes i A PISoHOD 


O=8 nosdw exrose & 


sleve¥ & 28 gn taszeqe “a ‘Sicitin. 28 aay 3 ued 8 
a 


nietieq 6£6r2-15 astetss H 
i = ; fs 
‘ 9 i ra 
32 13% BIL <2 botoubnos. ed 
as aT iae 
: 4 


et bat 


“a S| 
¥ 
2 ul 


De 


\ 


ne 
7 


Hs Save pussy 245 
a ies 
Ls >t 


?,. 
ohn piiggag 2G ao. 


of il 


— a 
nolsthacs seats bod. A0R=8 cait $ 


Wa ee UL, es 


sweagd suk yor bisli-zs oh ols 


abusicogas et FOIIS" nO on cn 5 > 
7 ° 
eg | , sa " wd 7 Ans if ie : a 


@.S8> 


' re 3 
7 - 7 y ,: Z p 
" 7 ave r 
7 nt oil \s a 7 - ‘> 
; ‘ 
sn evods bsissel od Ila Skies 6 boseed afertge tantnes a 


‘ 
‘ 


3 to nofenemib sviitontis —— eda a" 


betas? ed oF ettetee t65LIsi odd sonka oa a 
iy 


seen ak 1oT49 (*2,88) + ni eee 
: ; ari 


g i- 
| ad ie 
7 on a “a 
, . 


i oe 7 : o hy 


wn Fee ae) 

ori3 20 eeenbrswlwe. b m asighen ata, 03, pik ser 
ie < ‘ te . i 4 

ben efog! ; ‘ . ws ® ee bee 


mee 


an od blue 


95 


dimensions of the receiver housing and the equipment used to rotate 

the dipole, an effective radius of curvature for the dipole was 15' = 15). 
This distance would be sufficient for the majority of antennas as far 

as pattern measurements were concerned and more than sufficient for all 


antennas as far as AR measurements were concerned. 


6.4 The Design of a Zone of Minimum Interference (Quiet Zone) 

If power measurements between a given transmitting and receiving 
antenna are conducted such that no stray reflections are incident on 
the receiving antenna, accurate measurements can be attained. The 
region so defined will be referred to here as the “quiet zone” of the 
antenna test range. 

Design of the quiet zone proceeded with the idea in mind that 
unwanted reflections should not only be attenuated but, where possible, 
also directed away from the region where measurements were being made, 
in this case the quarter circular path travelled by the receiving 
dipole. It was, therefore, decided to surround the test area with 
reflectors (see Figure 6.11) made of microwave absorbing material, 
oriented in such a manner that any radiation not absorbed would be 
directed harmlessly into space. 

An estimate, using ray theory, of the best orientation for the 
reflector/absorbers and the determination of the resultant quiet zone 
is developed below. 

Figure 6.12 shows a plan of the roof where the test range was to 
be built. The locations of objects which could be responsible for un- 
wanted reflections are shown in the plan along with their respective 


heights above the base of the roof. Because of the availability of an 
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existing anchoring frame in the southeast corner which would be 


useful in the setting up of the 90° measurement arc (see section 6.5.1), 


ABSORBING MATERIAL 


PLANE OF TRAVEL OF 
RX DIPOLE 


PEALE: | 


LOCATION OF 
ANTENNA UNDER 
TEST 


SENG! 


Fig. 6.11 General layout of test range viewed from above. 


the range was oriented as shown in the diagram. 

For operational considerations (height of the turntable used to 
rotate the transmitting antenna in azimuth, limited radius of curvature 
of RG-213/U cable feeding the transmitting antenna, possibility of 
water and snow on the roof) the base of the range was raised 16 inches 
above the gravel base of the roof. The base of the test range would 
represent the ground plane for the antennas to be tested. 

Referring, now, to Figure 6.13, the ray paths which will help to 


determine the proper orientation of the reflector/absorbers which en- 


close the test range are shown. 
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Fig. 6.12 Plan of roof of Electrical Engineering Building showing 


obstacles and location of test range. 
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The transmitting antenna will not "see" the obstacle if 


where all dimensions are in feet. It was found that the maximum value 
of the right side of equation (6.3) was set by the adjacent building 


on the north side (H 


ee PAU Ee 


OBS" 210 ft), with the result that 


(the tallest antenna to be tested would have a height of 1.5\, and at 


a range frequency of 985 MHz this meant that h=1.5 feet) 


Owing to the particular dimensions of the absorbing material, and 
since it was not desirable to cut it, the reflecting surface dimension 
& was fairly well constrained to be 3 feet. Also, since only a limited 
amount of the material was available, restrictions on the physical area 
of the reflecting/absorbing surface placed the width W at approximately 


16 feet and the length L at approximately 28 feet. Therefore 


H -h > .65 feet 
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With the reflector/absorber orientation angle a, set, the minimum 


zone of interference can now be deduced. Referring again to Figure 6.13, 


Ue W/2 - 2 COSO, = 579 feet 


Bo Us = 2. 
(gs tan ~(h/2.) =\14.2° 
Therefore, 
ts = 2(D-15 tany,) = 4.2 feet = width of quiet zone at height of 15). 


The quiet zone up to the maximum measurement height of 15\ should be at 
least as wide as that depicted in Figure 6.14. It widens as either the 
antenna height shrinks or Dis increased or both. It should thus be 
possible to carry out measurements anywhere along the 90° measurement 


arc without interference from unwanted reflections. 


6.5 Construction 
A picture of the completed test range is shown in Figure 6.15. The 


details of the construction of its various components will now be 


discussed. 


6.5.1 The Measurement Track 


In order to guide the rotating dipole throughout its 90° measure- 


ment arc, a track was constructed, along which a carriage (see section 
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Fig. 6.14 The quiet zone within the range. 


6.5.3), carrying the receiving equipment and dipole, travelled. 

The track consisted of two T-shaped sections, each section 
constructed from laminations of 1" poplar plywood cut to the proper 
radius of curvature (see Figure 6.16). Having the track in two sections 
would aid in its construction, handling and future storage. The 
radius of curvature of the track was 16 feet as specified in section 6.3. 

Once the two sections of the track had been raised to the test 
site on the roof,they were bolted together using ten 1/2" diameter 
steel bolts (non-metallic bolts had been made which could replace the 
steel bolts once the track was in position and ready for measurements - 
it was found, however, that the steel bolts contributed negligible re- 


flections and the practice was discontinued). One end of the track was 
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Fig. 6.16 The measurement track showing (a) its are length, (b) joint 


between the two sections, (c) its T-shape (cross section A-A). 
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then anchored by a hinge attached to an existing frame in the southeast 
corner. The track could then be raised to its operating height using 

a gin pole and power pull arrangement, also located in the southeast 
corner. Once up, a wooden triangular structure was moved into place to 
Support its free end. 

The arc was actually 9° over its required 90° angular length, 
partially so that the height of its focus relative to its hinged base 
could be adjusted yet still retain at least 90° of arc for measurements, 
and partially to allow for the support structure at either end. 

The track could not be constructed from steel because of the severe 
reflections that would result. It was felt, however, that a fairly 
good compromise between weight and strength had been achieved. The 
total weight of the track, i.e. both sections, was approximately 300 1b. 

The surface area of the track and its support structure was kept 
to a minimum in order to avoid excessive wind loading. The track in its 
"up" position has withstood winds gusting to 65 km/hr and has been used 
in test range measurements in winds up to 32 km/hr with negligible 


vibration effects being observed on the recordings. 


6.5.2 Dipole Rotation Assembly 

The rotation of the dipole was performed through a gear arrangement 
shown in Figure 6.17 which was driven by a 2-phase 400 Hz induction 
servo motor. The position of the dipole was monitored by placing a 
voltage across a 10 k potentiometer, the top voltage of which was 
arranged to vary linearly and synchronously with the rotation of the 
dipole. This voltage would supply the X-input of the recorder used in 


the axial ratio measurements, the experimental procedure of which will 
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GEAR GEAR GEAR DRIVE 


GEAR 


Fig. 6.17 Gear arrangement of dipole rotation assembly. 


be detailed in Chapter 7. 


For information on the induction motor and its 400 Hz power supply, 


the reader is referred to Appendix B. 


6.5.3 The Receiver Carriage 


The receiver, dipole, and dipole rotation assembly were transported 
along the measurement track by a carriage constructed of 3/8" acrylic 
material,and using four ball bearings as rollers. Regardless of the 
zenith angle at which measurements were being taken, the rollers of the 
carriage always remained in contact with the track surface, owing to a 
spring arrangement of 2 ball bearing rollers on the opposite side. 

By adjustments available on the ball bearing casings, the carriage 


could be tilted sideways or up and down to allow for fine 
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adjustment of the receiving antenna. Because of the low gain of the 
dipole used, these adjustments were not found to be necessary. 

The angular position of the dipole above the ground plane of the 
test range was monitored with the aid of a 25 k, ten-turn potentiometer 
attached to the receiver carriage. The potentiometer, in turn, was 
geared to a spool of known circumference. A cable was then attached at 
one end of the track, wrapped once around the spool and fastened to 
the other end of the track. As the carriage moved, the spool rotated. 
Thus, knowing the ratio of spool turns to potentiometer turns (10.3:1) 
a voltage V could be placed across the potentiometer such that its tap 
voltage would indicate degrees along the track when fed into a digital 
voltmeter. It is not difficult to show that this voltage is given by 
the expression 

n 

y= 15006 10" votes 
where 

C = circumference of spool in inches 

G = the gear ratio between spool turns and pot turns 

R = radius of curvature of imaginary arc travelled by the spool 

in feet 

n = positive or negative integer which determines the decimal 


place of the recorded voltage. 


Using this method, the dipole's indicated height could be read to a 


precision of .1° and was found to repeat to within .5° as the carriage 


was moved from the base of the track to the top. 
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Deo. + enatELuce Drive 


A drive mechanism had been devised to position the dipole remotely 


anywhere along the measurement track. It was found, however, to be too 


slow, too inaccurate and too unreliable. Hence, it was abandoned. 


Time did not allow for the design and construction of a new remote 
positioning mechanism; therefore, the dipole's position was set manually 
through the use of a cable and pulley system. For future use of the 


range, it is suggested that a winch, located below the ground screen, 


be used to remotely alter the position of the dipole along the arc. 


6.5.5 The Reflector/Absorbers 

Supports for proper orientation of the absorbing material were 
constructed entirely out of wood, using glue and wooden dowels for 
bonding purposes. Each support had a reflecting surface area of 
6' x 3' and fourteen were made. 

Since there was only a limited amount of the absorbing material 
that was desired (CH type), two types were used: 


Eccosorb CH; reflectivity - 20 dB at .94 GHz 3; 4™ thick 


Eccosorb FR-330; reflectivity - 20 dB at 2.3 GHz ; 2" thick. 


Because of the expected poorer reflectivity of the FR type , it was 
placed in the lower 1/3 of the reflecting/absorbing surface and two 
layers were used. Power radiated at these low elevation angles was 


expected to be at least 20 dB down from the zenithal level. 


The final arrangement of the absorbing material which encompassed 


the test area is shown in Figure 6.18. 
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Fig. 6.18 Pinal layout of the test range. 


6.5.6 The Ground Plane 

A 16' x 28' frame constructed of 2 x 4's raised the antenna test 
range approximately 16 inches above the gravel base of the roof. On 
top of this frame was placed 2" galvanized metal mesh. Within a 
radius of about 4 feet of the transmitting antenna's location, another 
layer of metal mesh was placed in such a manner that the resulting mesh 
had a 1" by 1" spacing. At the location of the transmitting antenna 
(it is apparent that the mesh could not be placed over this region if 


the turntable was to be used) a 2 foot diameter copper plate, bolted 
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to the turntable, began where the mesh left off. As will be pointed 
out in section 7.4.6 this ground plane satisfactorily represented a 


uniform perfectly conducting ground plane. 


6.5.7 The Azimuth Positioner 

Rotation of the transmitting antenna in the $ direction was 
accomplished remotely using a Scientific-Atlanta azimuth positioner. 
The instrument was capable of quite accurate positioning (within a 
few minutes of arc) and provided trouble free operation. 


A complete list of its specifications can be found in Appendix C. 


6.6 The R.F.-Section 


6.6.1 Operating Frequency 


Up until now, design of the test range has proceeded under the 
assumption that the operating frequency would be approximately 985 MHz. 
This frequency was chosen as a good compromise between too low a 
frequency, which would make measurements on a compact range less 
accurate, and too high a frequency which would make construction of the 
model antennas difficult. Unfortunately, 985 MHz fell into the radio- 
navigation band; hence, the lower frequency of 959 MHz (A=12.4"), which 


was open to space research on an experimental basis, was used. 


6.6.2 Noise Considerations 
If the transmitting and receiving sections of the test range can 
be represented as shown in Figure 6.19 , and assuming that the pre- 


amplifier's gain is high enough so that noise contributions following 
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Fig. 6.19 Representations of the transmitting and receiving sections. 


it are negligible, then the total power (i.e. signal and noise) at the 


terminals of the detector is, 


& ye T ke PoC ik b 6.4 
P= G,€,kTB Gye, k(Tot Ty5)8 + G€,T, aX 5 (6.4) 


where 


k = Boltzmann's constant 
T= total equivalent temperature (signal and noise) of system 
‘T 


T= equivalent temperature of received signal power 
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Tyg equivalent temperature of artificial noise power in environment 
LIFE 
s i ; 2 
Ty = nag Eaa ne = equivalent noise temperature of first stage 
T, = (F-1)T. = equivalent noise temperature of second stage 
T, = 290°K due to IEEE definition of noise figure 
B = predetection noise bandwidth of system. 


Equation (6.4) can also be written in terms of equivalent temperatures 


as 


where Ty is the total noise power equivalent temperature. 


In an urban environment the power density of the artificial noise 


14 Weceedne [41], For a 4/2 


dipole (Arce ax sea at 959 MHz) this results in Ts © 10°°K, 


per KHz bandwidth is on the order of 10, 


Then if the attenuating first. stage has a power transmission 


coefficient e, = .5 and a physical temperature of Hae = 300°K, and 


the preamplifier has a worst case noise figure of F = 4 (6 dB), 
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Thus the transmitter must transmit enough power such that under minimum 


Signal conditions an equivalent signal power of Pe = kT, B is available 
min min 
at the dipole. 


6.6.3 Power Considerations 
For a system noise bandwidth of (say) B = 100 MHz and recalling 
from the previous section that T Sin hard 10°°K, then 


Do 
min 


P = kT Bas BasSebOace 12x10 e100 Wea One Watts. 


Now, for a transmitting antenna of gain Gp 710 and a maximum 
test range distance of 154 (from section 6.3), the ratio of the power 


received to the power transmitted under the conditions of best pattern 


orientation is 


{( —— ) =a4.6x ioe 


where the factor a will depend on the polarization of the wave trans- 
mitted, and the orientation of the dipole relative to that polarization. 
For a linear dipole receiving circular polarization,a = 1/2; therefore, 
the minimum transmitted power must be 
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Then, if it is desired to measure the power pattern to 40 dB below 
its maximum value, yet retain a signal to noise ratio of 100, the power 


transmitted must be at least 


, = 71 mW Can 19 aB 4 


676.4 The Transmitting Section 


6.6.4.1 The Power Oscillator 


Using the value of P arrived at in the previous section and 


TX 
assuming that cable and mismatch losses are on the order of 10 dB 
(remembering that the power must be transmitted from the laboratory 

up to the roof of the Electrical Engineering Building), then the 

power oscillator (or oscillator-power amplifier combination) must be 
capable of supplying a power of .71 Watts. 

Tube oscillators available in the department could do no better 
than supply a power 10 dB below this requirement at the operating 
frequency of 959 MHz. Although it is possible that this would have 
been sufficient, preliminary tests indicated that even under controlled 
conditions, their stability was questionable. 

Power oscillators were, of course, available commercially; however, 
they were expensive and their specifications generally far exceeded those 
required. 

Fortunately, there were excellent papers available [42], [43], [44], 
on the design of low cost microstrip power oscillators. This was, 
therefore, the approach taken. The design equations and circuit 


schematic of the power oscillator are given in Appendix D; only the 
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oscillator's relevant properties will be presented here. 

The power to the transmitting antenna must remain constant over 
the time that measurements are being taken (approximately 4 to 5 hours) 
and the frequency must remain sufficiently stable so as not to enter 
a significantly different region of the frequency response of the 
filter primarily responsible for setting the system bandwidth. (The 
filter is discussed in section 6.6.5.3). Measurements carried out on 
the microstrip oscillator when fed from a regulated supply, indicated 
that the power output changed by less than 4% and the frequency by less 
than .05% over a 12 hour period. Spikes and discontinuities evident 
on the strip chart recording of indicated power but totally absent 
from the recording for frequency, suggested that, perhaps, the strip 
chart channel recording power was not Peer: properly and there- 
fore the power stability was better than indicated. Unfortunately, 
the strip chart recorder broke down shortly thereafter, and it was not 
possible to check this out further. This was of little consequence, 
however, since the power and frequency stabilities were sufficient. 

The oscillator was tuned to a frequency of 959.0 MHz and its 
supply voltage was adjusted until the power into 502was 1 Watt. 
Throughout the experiments, the power and frequency of the oscillator 
were continuously monitored, although, except for the initial stability 


tests, not continuously recorded. 


6.6.4.2 The Attenuator 
A 3dB power attenuator was initially placed in front of the power 


oscillator so that power could be boosted for more accurate measurements 


at low zenith angles without changing its power supply voltage. It 
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was, eventually, replaced by a 10 dB and sometimes 20 dB power 
attenuator (depending on the radiating efficiency of the antenna under 
test) so that the detector in the receiving section would remain in the 


Square law region of its characteristic. 


6.0.4.3. The Transmitting Antenna Feed Cable 


The transmitting antenna, located on the roof of the Electrical 
Engineering Building, was fed from the Radio Astronomy Laboratory, 
located two floors down, through approximately 70 feet (~% 6dB) of 
RG-213/U cable. Specifications for this cable and other types used in 


the experiment can be found in Appendix E. 


6.6.4.4 The Matching Network 


Depending on the angle of wrap, the method of feed, the arm width 
and the cone angle of the conical spirals tested, their input impedance 
was expected to be real, and to vary between 100 and 200 ohms [18]. 

For this reason A/4 matching sections of cable with characteristic 
impedance 73 ohms (RG=59/U) and 93 ohms (RG-67A/U) were constructed 
which could then match loads of 107 ohms and 173 ohms, respectively, 


to 50 ohms. 


6.6.5 The Receiving Section 


6.6.5.1 The Dipole Antenna 


A resonant 4/2 dipole constructed out of 1/16" diameter (Z, ~ 500 
avg 
at 959 MHz) brass rod was used as the receiving antenna. It was matched 


to a length of RG-58A/U (Z =502) cable by cutting the ends of a i/2 
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dipole until the return loss at the operating frequency of 959 MHz was 
maximized. 

The transformation from the balanced antenna to the unbalanced 
feed line was accomplished by the use of a balun built into the feed 
axis of the antenna (see Figure 6.20). Two df sections of 1/4" copper 
tubing were placed over a length of RG-58A/U cable and shorted to the 
outside sheath of the cable a distance r fA below the feed point. 


a Ais » where ¢€ here, is the dielectric constant of the PVC 


R? 
jacket of the coaxial cable.) Currents flowing on the outside of the 
outer sheath of the coaxial cable would then have high impedances 
presented to them whether they originated from the top or bottom. 
Thus a balanced feed should result. 

The entire feed arrangement was then encased in acrylic for rigidity, 


and a BNC connector was attached at the bottom for connection to a 


rotational coupler. 


6.6.5.2 The Rotational Coupler 


The permanently fixed cable and amplifying sections of the receiver 
must in some fashion be connected to the rotating dipole. This connec- 
tion is made by a rotational coupler. Within the limits of the measur- 
ing equipment (resolution, .05 dB) the loss in the coupler was found to 
remain constant as its one end was rotated. This insertion loss was 
measured to be on the order of .1 dB for any frequency between 650 MHz 


and | bo ZaGtiiz - 


6.025. 5 ene Band-Pass Filter 


The system bandwidth was primarily set by a band-pass filter placed 
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Fig. 6.20 Receiving dipole with built-in balun. 
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in front of the preamplifier. The filter, shown in Figure 6.21, consisted 
of 2 microstrip resonators formed from 2.8 mil copper, etched on a 1/32" 
thick polyethylene board. 

The filter had a 3 dB bandwidth of 42 MHz centered on 964.8 MHz 
and a return loss of better than 25 dB at 959 MHz. (Note that in 
section 6.63, which determined the transmitter power required for a 
signal to noise ratio of 100, a bandwidth of 100 MHz was assumed.) The 
mid-band insertion loss of the filter was approximately 3 dB; however, 
this was considered tolerable and could only be reduced at the expense 
of increasing the bandwidth. 

As can be seen from Figure 6.22, higher modes are present and are 
responsible for the second peak in the filter response at 1.74 GHz. 
This, however, presents no problem since the bandwidth of the pre- 
amplifier, which follows it, is high frequency limited at 1 GHz. 

For more details on this filter, the reader is referred to 


Appendix D. 


6.6.5.4 The Preamplifier 


Preamplification of the signal was accomplished immediately after 
the band-pass filter in order to minimize the noise power due to cable 
loss between the filter and preamplifier. Hence, the preamplifier was 
mounted on the receiver carriage which moved up and down the measurement 
track. It therefore had to be small, lightweight; . and capable of 
operating over a wide temperature range. The Watkins-Johnson 6201-342 
wide band (5 MHz to 1 GHz) amplifier met these requirements handsomely. 


Its measured gain versus frequency characteristic is shown in 
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Fig. 6.21 The 2 resonator 
shown outside its casing. 
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Figure 6.23 and a detailed list of its specifications follows: 
Guaranteed Specifications of WJ6201-342 wideband amplifier at 25°C 
Noise Figure = 4 dB 
Gain = 27 de 


Gain Flatness(5-1000 MHz)= eon ao 


VSWR(input and output) = teeiayi 

Power Output = +6 dB 

Supply Voltage(nominal) = 15V 

Current (typical) =  33mA 
Temperature Range ST 4 Ce torte st Ge 


6.6.5.5 The Square Law Detector 


By converting the microwave power of the preamplifier to D.C. 
power at the receiver carriage, the heavy and semi-rigid R.F. cable 
that would have been required to transmit the microwave power to the 
laboratory for conversion was avoided. In addition, the R.F. cable 
losses (~ 10 dB ) that would have resulted in this cable, had it been 
required, were eliminated. (The D.C. losses were negligible.) 

For detection, an HP423A negative voltage square law crystal 
detector with optimum load resistor was used. Up to an output voltage 
of 50 mV, its characteristic does not deviate from square law by more 
than + .5dB when using the optimum load resistor. At 1GHz it has an 
SWR of better than 1.2 and its sensitivity is, typically, greater than 
~lmV/uW. 

Because drift in the D.C. amplifier, which had a gain of approximately 
100, set the minimum recordable voltage at approximately ImV and 


deviation of the detector from square law set the maximum recordable 
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voltage at approximately 5V measurements could be carried out over a 
dynamic range of approximately 37dB. The error over this range would 
primarily be set by the crystal detector and be on the order of .5dB. 

By correcting measurements taken at detector output levels greater than 
50mV for non-square law operation the measurement range could be extended 
to 40dB where now the high level limit is set by the 100mW maximum CW 
input power to the detector. If the detector's D.C. voltage output versus 
microwave power input characteristic could be determined to a sufficiently 
high accuracy, all measurements, high and low level, could be corrected 
for deviation of the detector from square law operation and thus obtain 
an accuracy better than .5dB. This was not considered necessary and such 


corrections were not made. 


6.0.0.0 D.C. Amplification 


The detected voltage was raised to a recordable level by two stages 
of D.C. amplification ( eachxl0 ). As a precaution against small inter- 
fering voltages that may enter into the cable transmitting the D.C. voltage 
to the laboratoty, a preliminary stage of D.C. amplification was carried 
out at the receiver carriage. This first stage consisted of a uwA 741 
linear 1I.C. amplifier operating in the non-inverting mode. No special 
circuitry was added to the typical application circuit shown in Figure 
6.24; however, it was shielded by placing the amplifier in a 1/2" diameter 
length of brass tubing. In order to minimize the effects of temperature 
variations, the tubing was then filled with an epoxy of low thermal 
conductivity. BNC connectors, attached to the ends of the tubing, 


completed the structure. The output voltage of this first stage was then 
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Fig. 6.24 Schematic of first stage of D.C. ‘ampaitication. 


transmitted down to the laboratory through a shielded cable where it 
underwent further amplification. 

This second stage of D.C. amplification was performed by the very 
stable amplifier of an analog computer. Any voltage offset due to 
the first stage could be easily monitored on the computer's built-in 
digital voltmeter and easily corrected by introducing an equal voltage 
of opposite polarity into the second stage. The DVM of the computer 
was also of use during measurements in that it provided a digital readout 
of the voltage being recorded. 

Since the minimum power to be received was on the order of —60dB 
the minimum voltage to be recorded was on the order of ImV. If the 
drift of the D.C. amplifier combination was severe enough, an error 
would be introduced in the axial ratio measurement. However, these low 
power levels occurred only at high zenith angles (8 > 70°) where the AR 


was large (i.e. the polarization almost linear) and hence the error 
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unimportant. Nevertheless, accurate AR measurements could be made at 
these high zenith angles by boosting the transmitted power by 10 or 20 dB 
as discussed in section 6.6.4.2. If this approach was not desirable, the 
D.C. amplifier combination could be zeroed just prior to the recording 

of a low power measurement. The results thus achieved were quite 
accurate for most purposes since the total drift, over the entire 

period that measurements were being made (4 to 5 hours), rarely exceeded 


3mV. 


6.6. Sevmneceiver Prototype 

The completed receiver is shown attached to the underside of the 
receiver carriage in Figure 6.25. The various components in the 
photograph can be identified by comparing it with the diagram of Figure 
6.26. The recorder voltage as a function of the microwave power at the 
input to the rotational coupler of the receiver prototype is shown in 
Figure 6.27. As can be seen, the voltage versus power characteristic 
remains within .5dB of square law at least up to 5V. 

The complete receiver package including the receiver carriage, 
receiver, dipole and dipole rotation assembly weighed approximately 


20 ibs. 


6.6.6 The Measurement and Control Center 

All power required for the monitoring of position, operation of 
the receiver, rotation of the dipole and rotation of the azimuth 
turntable originated from the area referred to as the measurement 
and control center. In addition, the microwave power feeding -the 


transmitting antenna was sent from this area. All positional feedback 


124 


fa 
i 2 e _ , 
it ,oldethesh don suv 8S che = 
/ We * 
gnibiresss on Oz io isin dept 


‘sikup essw 5 
% oxi 3 — - 
5 KS : - t 
ry ' 
i 
| 
5 anplarsi wit Ge Bedos 
‘i. 
it pk etpoeroaues euatisv 
a om 
J } i a 
Dd t a ye 
syug id to mamgalb ads agin Of yatieqaos. ve ite 3asbe & 2: ‘Agesgo3d 
} : ae | hd 7 ahh , 
: oan ' 3 * & ule 
asd 38 + svavorokn ef Yo Beticav? & SB oyno is eae ot ae 
i j ' : 


’ now ; : ; a 
‘> wet sovsotorg aweviesay ee Fo 2elayoo Bea we ad; € 
/ | * : } 7 4p re + : 


Ht Sgaxae g pce: cas 


vistantxorggas bedgiow Yidmeeas notiajor s ees oath « 
. - ath 
f $a a . 7 


td 
— 
tf 
Md 

£75 
i 

+ 

y 
He a 
bs 
is 
al 
ty 
- 


i. 
; eh, 

| oy 
| Balas) Joztao) bee = seoateaw 
4 q i ies g 
lo n@tisisqo .cottteng to galidtiocs eft 4 
{ a 6 _ | iT ' : ns se 
Ajumise sd} ie gubsstor bos : slogih edd ae Bi 
; ) , e : in yea ‘{ 
26 9 Weristet aa baal ‘a088 


evie-ynibest sevOqg Svawor> in ods a 9k3 bb al 


ot) 
nq 

a 
I 
oO. 
by 
id 
ey 
a 
o> 


#oncbes2 -6e1s8 afd: 


Fig. 6.25 Photograph of prototype receiver shown attached 
to the underside of the receiver carriage. 
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Fig. 6.26 Diagram identifying various receiver components shown 


in photograph of Figure 6.25. 
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Fig. 6.27 Recorder voltage versus receiver’ input power characteristic. 
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voltages and the detected voltage of the receiver were received at this 
Ccénrer: 

A control box was built which provided patching facilities and 
control switches for the operation and monitoring of the various devices 
used in the range. A schematic of the equipment required in the 
measurement and control center for a typical experiment is shown in 


Figure 6.28. 
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Fig. 6.28 Equipment schematic of measurement and control center. 
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CHAPTER «7 


THE MICROWAVE ANTENNA TEST RANGE:OPERATION 

The method and results of measurements taken with the test range 
described in Chapter 6 will now be presented. Errors introduced into 
the measurements because of constructional problems and design short-— 
comings will be discussed. Solutions to the various problems and 
improvements in the design will be offered. Finally, after analysing 
the data with the deficiencies of the test range taken into account, 
a design will be presented for the most suitable conical spiral for use 


with the riometer. 


7.1 Positioning of the Track and Turntable 


The measurement track could be raised or lowered by the use of a 
gin pole and power pull arrangement. Once raised a wooden triangular 
structure was moved into place to support its free end. By moving the 
base of the triangular structure either in or out the height of the 
measurement track could be adjusted so that the center of the top of 
the turntable, which was assumed to be the position of the center of 
phase for all antennas tested, was at the focus of the curved track. 

Because of the expectation of high winds, the measurement track 
was frequently set up and taken down. Fortunately, either operation 


could be accomplished by one person in approximately 15 minutes. 


J te alest Procedure 
At the test site the antenna to be tested was attached to the turn- 
table of the azimuth positioner. The receiver was then placed at the 


top of the track, i.e. past the zenith position, where measurements would 
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begin. 

In the laboratory all instruments were turmed on and allowed to 
warm up for 10 minutes. The power oscillator was also turned on; how- 
ever its output was fed through approximately 10 feet of cable and 
a 10 dB attenuator into a matched load (see Figure 6.28). With zero 
power being fed to the transmitter the D.C. amplifier's offset voltage 
was adjusted to give a reading of zero volts + 1 mV. By amplifying 
the output of the D.C. amplifier combination sufficiently and monitoring 
the result on the analog computer's digital voltmeter, this offset 
voltage could be zeroed to within + .1 mV. However, except when very 
low powers were being recorded, this fine a zeroing was not required. 
Throughout the measurement period, the zero level was checked and 
adjusted. It rarely exceeded 3 mV which represents less than .2Z% error 
for most antenna measurements to half power. 

When all equipment was ready for measurements the matched load 
(but not the attenuator) was removed and the power oscillator was 
connected to the feed cable of the transmitting antenna. The dipole 
was then rotated through 360° as the detected voltage as a function of 
dipole angle was recorded on the X-Y recorder (see Figure 7.1). Ifa 
measurement at a different azimuth angle was required, the transmitting 
antenna was remotely oriented accordingly, and the dipole again rotated. 

Recalling from section 6.2.2.1 that the total power in the wave is 
proportional to the sum of the detected maximum and minimum voltages, 
and the AR is the square root of the ratio of maximum to minimum 
detected voltages, it can be seen from Figure 7.2 that rotation of the 
transmitting antenna has little effect on the total received power; 


however, the axial ratio does change by approximately 13%. As pointed 
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Fig. 7.1 Typical recordings for a conical spiral antenna at two 


different zenith angles. 
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Fig. 7.2 Typical recordings for a conical spiral antenna at two 


different azimuth angles. 
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out in section 5.2.2, an axial ratio change of 15% for a 90° change in 
azimuth position is typical of conical spirals. The trend of axial 
ratio as a function of zenith angle, however, remains the same for a 
given azimuth orientation [17]. For this reason and the fact that the 
total power does not change significantly (less than 5% in Figure 7.2) 
with rotation, measurements were generally, conducted at only one 
azimuth angle. Spot checks were occasionally made and revealed that 
the power and axial ratio variation generally remained within the limits 
defined above. 

It is interesting to note the shift in the curve of detected voltage 
versus dipole orientation angle as the azimuth angle is changed. This 
is an indication of the close association between the angular orientation 
of the major and minor axes of the polarization ellipse, represented 
by the positions of the maxima and minima on the linear recording, and 
the physical orientation of the antenna. As long as most of the radiation 
emitted by an antenna is nearly circular, the phase of the emitted wave 
can be changed by a mechanical rotation of the antenna structure. This 
is a useful property in phased arrays using conical spiral elements [45]. 

Although the above discussion has been limited to the normally 
circularly polarized conical spirals, a linearly polarized antenna was 
also tested. A ’/2 dipole, 4/4 above a 2A diameter copper ground plate 
was used to test the validity of the far-field assumptions used in the 
design of the range. At the zenith the cross-polarization between this 
antenna and the receiving dipole was better than 27 dB. Obviously, then, 
axial ratio measurements were of little value; the antenna was to all 
intents and purposes linearly polarized as would be expected. However, 


its power pattern was of value, although the measurement procedure used 
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to determine it was slightly different from that of the conical spirals. 
At the zenith the dipoles were oriented for maximum power. Because 

the dipole would not be rotated, the potentiometer monitoring the 

dipole orientation angle was disconnected from the X-input of the X-Y 
recorder. In its place the voltage representing the zenith angle of the 
dipole was applied. Therefore, allowing the receiver carriage to move 
down the track, a plot of received power (detected voltage) versus 


dipole zenith angle was recorded. 


7.3 Data Reduction 

The measurement records obtained for the linearly polarized dipole 
transmitting antenna were essentially already in the desired form. The 
records just had to be normalized with respect to the maximum power 
level recorded, and the results plotted on a polar diagram. Because 
the dipole records were continuous functions of zenith angle, care was 
taken to prevent any loss of detail in the transfer from the continuous 
records to the discrete point plots of the polar diagrams. 

Power measurements on the conical spirals, however, were not 
continuously recorded as a function of zenith angle but were made at 
discrete intervals along the measurement arc. The trends in power 
response and axial ratio as functions of zenith angle were not 
immediately obvious from the records. The measurement data, therefore, 
had to be reduced to a more readable form. 

The total power in the received wave was proportional to the sum of 
the maximum and minimum voltages detected, and the axial ratio was 
determined from the square root of the ratio of the maximum to minimum 


voltage detected. As can be seen from the examples of the measurement 
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records, there are two maxima and two minima recorded for each zenith 
angle. Normally, it would not matter which maximum or minimum was 
used in the determination of the total power and axial ratio. However, 
because the receive dipole was found to have a tilt in its pattern, 
probably due to a feed imbalance, the two maxima or two minima differed 
by approximately 6%. Care thus had to be taken in choosing which 
maximum was related to which minimum. For all measurement records the 
convention used was that the total power and axial ratio would be 
determined from the larger maximum and minimum voltages. Axial ratios 
determined from the smaller maximum and minimum voltages differed by 
less than 2% and the normalized power patterns so determined were 


indistinguishable from those evaluated from the other set of extrema. 


7.4 Calibration and Evaluation of the Range 


The standard conical spiral and a \/2 dipole were used in a series 
of tests to evaluate the performance of the test range. The data from 
these tests, and the height reduction experiments on the conical spirals 
which followed them, were not analysed until all experiments had been 
completed. This was done so that as much information as possible could 
be gathered before operations would have to be shut down due to the 


impending winter. 


7.4.1 Measured Pattern and Axial Ratio of the Standard Conical Spiral 


As has been pointed out in section 5.3, the HPBW, axial ratio and 
other radiating characteristics of the conical spiral antenna with 


20 =20°, a=80°, and 6=90° were well known. This antenna was therefore 
fo) 


134 


3e3 
< 


is 
d riw 
ne 
4 r 
Ls 


asitaoD bashes? g ofse% eres 


ee 


¢ stnoone tukge In: 


igticr Ow a alae { ows sin ee 


ctsA .esepotoev gumtata bas 1 metenn 192 


uid 5% “y 


tse Ietes bas xewoq lade Mia 
: a Te 


es 
asi at be aved os 


wat 


¥ oe We tia s d 

gelecors at boas ¥ | sd ‘of + (aud oak 7 
~ 4 Ls ean i 
Agsneyvass a his 40%) + MLE bret iy dst 


Sine a bs 


* P . 
isizs bos r9owog hab od cab 


2° oe 


} 
low geamtatm bon sant ime J3 mm 
oo 
; agustis¢ 19we ieeren ona bas $5) 
“6s, : : uo 
{ 5 
ice xsd2e edd word Jw te es witha port sidadeh 
iss 
' - he 7 
Y J 
semis ah) lo nose: ulsvi Drie sok 


° \% ¢ i . by tas 

yxew slogkh S\/ «a pire Laxige iss iuoa brsbas 
Pe : A 

ene A. 

ex tesa sied io soanmroiss aq ors _sanitave 


| tte 
ao einemivegys noljoubsy ingted ‘ody bas | ne a2 
‘ i - ay _— bt 4 


: 3 7 ha 
Gamiseqxs Lig: Ata Ssevians ton s79W ie alc a3 doit 
, : ee.) 


Se ares - tay st 


f ¥ , an Ray ony paz) 
eog fe abiteaofat dow en sass o@ 4 mie bar rk} _ cheat >: 


Le 
wb web toads of 03 everd biuow nottsxsq 


45 » é 
r > 
> pam Xt : , 


Hy oe 


Rei Ay, - : : on } x 
Eatxa sh 1H swis cay a cokaaen a =e ood a i 


on eal aed? | sabres guise 


7 er ee 
a i te aidt iT Sond ttsy oa nh baa . ‘08=n 
te as ae 1 


nu 


chosen as the calibration standard for evaluation of the test range. 
The first measurements to be made were to determine its power pattern 
and polarization response so that these could be compared with the 
expected values. 

For these initial measurements a microwave absorbing material with 
better than -20dB reflectivity at 450 MHz completely covered the 
receiver carriage but the gin pole used to raise the measurement track 
and the cables feeding the receiver carriage were exposed. The power 
pattern and axial ratio measured for the standard conical spiral under 
the above conditions are shown in Figure 7.3 and 7.4, respectively. 

The power pattern is seen to be quite ragged. However, the average 
power pattern drawn midway between its maximum and minimum envelopes 
is believed to be the true far-field pattern. This will be discussed 
further in section 7.4.5. It is of note that all dashed curves 
identify a HPBW of approximately 70°. For an identical antenna but not 
mounted over a ground screen, Dyson's curves indicate an average HPBW of 
approximately 74° + 6°, where the variation in the HPBW is due to the 
fact that the pattern changes slightly over the bandwidth of the antenna 
[18]. It is known that on a conical spiral the beam width increases 
as the operating frequency approaches the low frequency limit of the 
structure. As the frequency approaches its high frequency limit, the 
beam width decreases slightly, then increases again. Since the standard 
conical spiral was designed to be well above the low frequency Limit 
yet not at the high frequency limit, it seems likely that it would be at 
most 74°. Adding to this the fact that the antenna was mounted on a 
large ground plane, a modification which is known to produce a narrower 


beam [17], a HPBW of 70° appears to be a very likely result. 
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a=80°, 6=90°) (solid), with maximum,minimum and average curves super- 


imposed (dashed). 


AXIAL RATIO 


ZENITH ANGLE 


Fig. 7.4 Measured axial ratio of antenna of Figure /.3 with curve of 


Dyson [18] for comparison (dashed). 
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Looking now at the axial ratio measurement results shown in Figure 
7.4, it is seen that, again, good agreement exists between Dyson's 
results and those taken by the author. It is not known whether Dyson 
checked the axial ratio at zenith angles of 0°, 30°, and 60° only, but 
these, with the appropriate curve drawn through them, were the only 
points plotted in his 1965 ~per. At this point it was believed that, 
certainly, as far as the measurement of axial ratio was concerned, the 


range was functioning satisfactorily. 


7.4.2 A Check for Reflections from the Gin Pole and Receiver 

Feed Cables 

As was mentioned in section 7.4.1, the gin pole used to raise the- 
measurement track, and the cables feeding the equipment on the receiver 
carriage were not covered in the first test of the standard conical 
spiral. Up until now it has been assumed that these objects were not 
responsible for any serious measurement errors. It will now be shown 
that this was a valid assumption. 

For these measurements an additional piece of absorbing material 


was placed on top of the absorber that had previously existed on the 


receiver carriage. This was done in order to cover a small section of the 


dipole rotation assembly which had previously been exposed and which 


could cause a slight perturbation in the receiving dipole pattern. This 


effect could be checked as well, by comparison with the measurements of 
the first test. 

Measurements with the pole and cable exposed as in the first test 
were again conducted on the standard conical spiral. However, the 


azimuth orientation of the antenna was not necessarily the same as that 
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in the first test. The gin pole and receiver cables were then covered 
by placing absorbing material all along the measurement track with only 
a small slot left uncovered through which the dipole could protrude. In 
order to obviate any unforeseen effects due to temperature or humidity, 
these measurements were conducted immediately after those tests with 

the pole and cable exposed. This also ensured that the conical spiral's 
azimuth orientation was the same for both measurements. As was pointed 
out in section 7.2, for a given zenith angle the total power may change 
by 54 and the.axial ratio by 157. for ta 902) rotation in azimuth. 

The measurement results are shown in Figure 7.5. It is first 
immediately obvious that no drastic changes occur in either the power 
pattern or axial ratio measurements. Considering that the measurements 
were made at discrete intervals and many records were difficult to read 
due to overlapping curves, the differences are reasonable. Throughout 
the remaining experiments, however, the gin pole was always covered with 
the microwave absorbing material. 

Now comparing the power patterns measured with that of Figure 7.3, it 
is seen that a narrowing has taken place. This could be due to a small 
section of the dipole rotation assembly which was exposed to the 
receiving dipole in the first test. as was mentioned earlier. However, 
it is more likely that this is due to different azimuth orientations 
of the transmitting antenna which can alter the beam width by 4° to 5°. 
As will be described in section 7.4.4 an improved measurement set up 
was later used and the standard conical spiral was retested; in fact the 
HPBW and axial ratio results are very similar although definite improve- 


ment is noted in the uniformity and regularity of the pattern structure. 
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Fig. 7.5 Power pattern (a) and axial ratio (b) measurements on the 


standard conical spiral with (dashed) and without (solid) absorbing 


material covering the gin pole and receiver feed cables. 
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7.4.3 Effect of Receiver Carriage Sideways Tilt 


Provision had been made on the receiver carriage to allow it to be 
tilted approximately 5° to either side. For a direct comparison 
measurements were first taken without tilt in the receiver carriage, 
then cet. par, measurements were repeated with the carriage tilted. 

Because of the degree of tilt, the carriage could not fit through 
all the absorber holders which were still attached to the measurement 
track from the previous experiment. However, it is believed that the 
data gathered,sufficiently illustrates the effect of sideways tilt on 
the receiver carriage. 

The results of the measurements are shown in Figure 7.6. It is 
seen that even with this excessive tilt, representing a shift of 
approximately 15 inches in the measurement focal point, the power pattern 
and axial ratio are not affected dramatically. This is to be expected 
since the receiving dipole has such a broad beam. 

This test was felt to be important since the measurement track 
exhibited sideways deviations of + 2° over its length. Measurement 


errors due to this deviation should, therefore, be insignificant. 


7.4.4 A Retest of the Standard Conical Spiral on an Improved Set Up 


The results of section 7.4.2 showed that if reflections from the 
gin pole and receiver carriage cables affected measurement results, it 
was a very small effect. However, in an attempt to obtain the most 
accurate measurements possible without undue expense or additional 
set up time, an effort was made to completely render the effects of re- 
flections from either the gin pole or receiver feed cables negligible. 


As far as the gin pole was concerned, the solution was simple since 
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Fig. 7.6 Power pattern (a) and axial ratio (b) measurements on the 


standard conical spiral with (dashed) and without (solid) sideways 


tilt on the receiver carriage. 
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it could be covered with absorbing material yet still perform its 
function of raising or lowering the measurement track when it was being 
set up or taken down. 

Covering the cables which trailed behind the receiver carriage as 
it moved up and down the measurement track was not so simple a task 
but instead was an involved process which required many hours to 
complete. It required the placement of abeowtine material all along the 
measurement track yet allowing a slot through which the dipole could 
protrude. However, these cables which had a combined diameter of 
approximately 3/4", when uncovered, represented a reflecting surface 
which was always normal to the incident radiation and thus the reflected 
energy should never enter into the aperture of the receiving dipole. 
This would almost certainly apply if the absorbing material covering 
the receiver carriage extended sufficiently beyond the ends of the 
dipole. Hence, all subsequent measurements were conducted with a 
2'x2'x4" piece of microwave absorber placed over the receiver carriage. 
A 1" hole cut in its center allowed for the connection of the i/2 
receiving dipole. Thus the absorbing material extended at least 9" 
beyond the arms of the dipole, regardless of its orientation. 

This method of eliminating reflections from the receiver carriage 
cables was not only desirable because of the reduced set up and take 
down times, but also because, unlike its alternative which placed 
absorbing material all along the track, this method did not add 
significantly to the weight and wind loading factor of the measurement 
crack. 

The results of measurements taken on the standard conical spiral, 


using the improved set up described above, are shown in Figure /.7. 
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Fig. 7.7 Power pattern (a) and axial ratio (b) measurements on the 


standard conical spiral using the improved measurement set up. 
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The measured power pattern is much more uniform and its 
peaks occur approximately every 4°. The HPBW determined from the 
dashed smooth curve shown, which attempts to define the average power 
pattern, is approximately 70°. This is the same value of HPBW arrived 
at in the first test of the standard conical spiral although the measured 
power pattern in that test was not nearly as well defined. The axial 
ratio appears to have improved slightly in its general trend but this 
could be due to different aximuth orientations of the transmitting 
antenna between this test and the first test. 

Because of these favourable results, the improved measurement 
set up was used on all subsequent tests and the results of this section 
are believed to best represent the characteristics of the standard 
Conical Gspiral. 

Justification will now be given for drawing smooth average curves 
through the measured axial ratio and power pattern results and 
determining the characteristics of the antenna under test, from these 


smooth average curves. 


7.4.5 The Measured E and H Plane Power Patterns of a Simple Dipole 

The standard conical spiral mounted over a ground plane represented 
an antenna with maximum dimension of 3A and was the largest antenna tested 
on the range. Because of the compactness of the range, which had a 
measuring distance of only 15\, from the discussion of section 6.3, 
measurements were possibly not made in the far-field. Thus the ripples 
on the measured power pattern could be due to a near-field effect. 

Lo best this a 1/2 dipole, 4/4 above the eround plane was constructed 


and tested. If the ground plane appeared infinite to the dipole, the 
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dipole-ground plane combination could be represented by a two dipole 
array which would have a maximum dimension oa / 2 and thus its measured 
pattern should closely resemble its far-field pattern. The far-field 
pattern for this antenna can be easily calculated and it has a HPBW 

of 64° in the E plane and 120° in the H plane. These calculated 
values can thus be compared with the measured values. 

The measured E and H plane power patterns of a \/2 dipole, 4/4 
above the ground plane are shown in Figures 7.8 and 7.9, respectively. 
It is immediately noted that the patterns are in the proper sense; 
that is, the H plane pattern is considerably broader than the E plane 
pattern. If, as shown, smooth average curves are drawn through the 
peaks of the measured patterns, a HPBW of 65° in the E plane and 118° 
in the H plane is obtained. These values are in good agreement with 
those calculated for the far-field patterns. The ripples are still 
present, however, and are far worse in the H plane than the E plane. 
The fact that the ripples still exist and occur approximately every 4° 
as on the conical spiral power pattern, suggests that they are not 
due to a near-field effect as supposed. Because of the small size of 
the dipole the ripples in both planes should have been reduced compared 
to those on the conical spiral power pattern. Also it would be unlikely 
that they would occur at the same interval since the near fields of a 
conical spiral and linear dipole should be substantially different, and 
thus if the measured fields are due to a near-field effect, they too, 
should be different. 

It was then suggested that perhaps the ripples on the power pattern 
were due to the non-infinite ground plane. If currents flowing within 


the ground plane had not been reduced to zero by the time they reached 
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Fig. 7.8 Measured E plane power pattern of a A/2 dipole, A/4 above 


a ground plane with average of pattern superimposed (dashed). 
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Fig. 7.9 Measured H plane power pattern of a 4/2 dipole, 4/4 above 


a ground plane with average of pattern superimposed (dashed). 
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its edges, the ground plane would very closely resemble a radiating 
aperture antenna and rapid peaks similar to those observed would occur. 
It can be shown that for an aperture antenna, the interval between 
peaks depends on the aperture size [25], in this case, the size of the 
ground plane. Thus if the ground plane was physically reduced to, say, 
one tenth its original size, the interval between peaks should increase 
by a factor of 10, i.e. the peaks should occur at a much slower rate, with 
zenith angle. This was tested but absolutely no change in the interval 
between peaks was observed. It was therefore concluded that the ripples 
on the measured power patterns were not due to a ground plane edge effect. 

The only other explanation that could be realistically considered 
was that stray reflections were entering into the aperture of the 
receiving dipole and thus the quiet zone, that had been determined in 
section 6.4 using ray theory, was not as good as had been hoped. Since 
the gin pole was always covered with absorbing material, and from 
section 7.4.2 the cable was known not to be responsible for any serious 
reflections, the only other obvious metallic reflector was the metal 
flashing which bordered the roof. Although it was not possible to cover 
all the flashing because of the limited amount of absorbing material 
available, approximately 30 feet of flashing, in either direction from 
the corner of the roof bisected by the range, was covered. The H plane 
pattern of the dipole was again tested. Although the peaks occurred at 
precisely the same intervals as those of Figure 7.9 the peak to peak 
magnitude was reduced by approximately 1/2 while the average power 
pattern remained virtually unchanged. 

The fact that the ripples could not be entirely eliminated suggests 


that the reflection problem is a complex one involving reflections not 
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only from the flashing but perhaps from adjacent buildings, the wooden 
structures, and even the absorbing material itself. If radiation 
incident on the reflector/absorbers, which had a power reflectivity of 
only - 20 dB, was high enough and if they did not direct the reflected 
energy harmlessly away as had been hoped, they alone could account for 
the observed ripples, i.e. power pattern variations on the order of 20%. 
Thus, for an antenna that radiates high power levels at high zenith 
angles, i.e. at the zenith angles corresponding to the elevation of the 
reflector/absorbers and flashing located behind Pct one would expect 
the measured pattern to display stronger interference variations than 
those on the pattern of an antenna which radiates primarily in the 
direction of the zenith. This would explain why the H plane pattern, 
which is very broad, displays interference variations which are much 
greater in magnitude than those of the narrower E plane pattern or 

the power pattern of the standard conical spiral. 

Since it seemed logical to assume that the stray reflections would 
alternately add in phase and out of phase with the actual field of the 
antenna, it was equally logical to assume that their average should 
closely approximate this actual field. Thus, drawing a smooth curve 
through the average of the peaks seems a very likely method of estimating 
the pattern in the absence of these stray reflections and explains why 
the average power patterns of the dipole and conical spiral agreed so 
well with their expected values. 

The effect that these reflections would have on the axial ratio 
measurements was not immediately obvious. However, a close examination 
of the axial ratio results for any of the conical spiral antennas tested 


reveals their effect. From Figure 7.10, which is just the axial ratio 
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AXIAL RATIO 


ZENITH ANGLE 


Fig. 7.10 Expanded view of axial ratio measurements of Figure 7.7(b). 


results of Figure 7.7(b) up to a zenith angle of 40°, plotted on a 

larger scale, the axial ratio is seen to vary periodically with zenith 
angle at precisely the same rate as the interference peaks on the 
measured power patterns. Thus by taking the average through these peaks 
as well, it is believed that a good estimate of the axial ratio is 
achieved. The excellent agreement with Dyson's results in section 7.4.1 
corroborates this theory. Since variations from the average curve of 
either the axial ratio or power pattern generally did not exceed 10%, the 
average values are believed to be at least this accurate. As long as the 
antenna test range is operated at sufficiently low power levels so that 
the D.C. voltage output of the crystal detector in the receiving section 
always remains proportional to its input power (discussed further in 


section 7.4.7), stray reflections should be the limiting source of error. 
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Thus the microwave antenna test range should be capable of axial ratio 
and power pattern measurements to within 10% although this can change, 


depending on the directivity of the antenna under test. 


7.4.6 A Check on the Conductivity of the Ground Screen Mesh 


The degree to which the galvanized metal mesh ground plane, described 
in section 6.5.6, represented a uniform perfectly conducting ground 
plane was of interest. If at the operating wavelength of approximately 
1 foot the metal mesh was quite lossy, the measured patterns and AR 
would not be indicative of an antenna above a perfectly conducting 
ground plane. 

Because the pattern of the 4/2 dipole with its large back lobe 
should be the most severely affected by a lossy ground plane, it was 
remeasured with overlapping aluminum metal sheets replacing the metal 
mesh ground plane. The results were virtually identical with those of 
Figure 7.8 and 7.9 and will not be presented here. But this was to be 
expected since all measurement results obtained to this point, when 
properly interpreted have agreed well with the expected values, i.e. of 
antennas above a perfectly conducting ground plane. It is quite possible, 
however that the equivalence of the two measurements (those using metal 
mesh and those using metal sheets) was due Largely to the fact :that all 
antennas, including the }/2 dipole, were mounted on a 2, diameter 
ground plate and that this plate, by itself, sufficiently represented 


an infinite ground plane. 


7.4.7 Operation of the Range at High Power Levels 


If the transmitting antenna radiates too high a power level, gain 
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Saturation of the preamplifier and non-square law operation of the 
crystal detector may result. Axial ratio measurements will therefore 

be in error due to different preamplifier gains and diode characteristic 
changes, as the dipole rotates. Errors in the power patterns will 
result because the normalizing factor, which is always the maximum 
power received, Witt be too low. 

A .5 dB reduction in the gain of the preamplifier was found to occur 
at an output power level of + 7 dBm. The crystal detector used, operates, 
typically, within .5 dB of square law up to input power levels of - 3 dBm. 
Since the crystal detector immediately followed the preamplifier stage, 
Significant deviations from its square law characteristic would occur 
at preamplifier output power levels on the order of 10 dB below those 
which would indicate significant gain saturation. Thus if the detector 
could be kept in its square law region; preamplifier gain saturation 
would not be a problem. For a typical crystal detector sensitivity of 
. 1 mV/uW and recalling that the D.C. amplifier combination had a total 
gain of approximately 100, recorded voltages of 5V or less should give 
power measurements which have errors less than .5 dB due to the effects 
of high power levels. 

Experimentally it was found that for recorded voltages less than 7V, 
less than 10% error occurred; less than 5V, less than 5% error occurred; 
and less than 3V, less than 1% error occurred in the axial ratios measured. 


All measurements had recorded voltages less than 7V, and most were 


below 3V. 


ae OARS YS eee Y 06) ee 


i i Ry 7 
. = 7 7 if 
: i we 

— Te ps » 


ay | 7 
Pe. Se L 
a a: OF ; ) ae en oe <1 - 
sie %o coltsspge, wel, oo a 2 teliifge 
| ee ab 
spore tem tite cineagesyesers ‘objet is mat i 
; , ; aA at 7-2 


ckiaiuassessifo sheth bey Babay got 


nN - A - 
nie eat Al aio1sa 8S: 


ifiv extodisy yoweg edt ) 7) 
auatnem oft eavswit St do tiv , 1929 52 ae 


am) 
i 
| rf . 
= ‘ we ‘ “ ‘ 
3 Oo as t 1 = he ARS 44, ‘Did af 
¢ 
‘ ry 
i 6 ‘= + a » eel l 
ine! eJaNy. 


awoksany ob, 3 75 13 


= 


7 Pe © 
: ~ . = & a 
qwise ates ~asiitdqmess¢: ycofger wal sisype a3t mk gage edi 
3 > oe, 
re ae 


io viivisbense y299398b deaoers [Le oigy? « t0% smal dorg a= f pt bin 


. 
; 


Isjo3 & bed mottanidwos wei bieos .D.0 od ted gerlisss, | anim 


Ne 
aenl to VE Be eegettov hebrosex .00L ¥ levats 


stis #f) of sub €6 ¢. meds ees! sro avec dotda esoame ii 
vein : - 
alevel 2 Prt ‘ls 
"8, 


v nad eesl eogetiov kebgeost x01 dads‘ bhwol 2ev that omixegxd 


~pattroae garts AC asd? peal ,Vé osdt aes bexzun9e 9 30 a da 229 


- — Py * ay vt 
petuars OLTET isicwMA ON ot \bOtsus30 2X9 a, andit. vest E ma ait 


7 Md 


eo 5) 
aie oe spsel eageit wv babxoos 


Ea ee, 


7.4.8 Evaluation 

Summarizing, the range, as designed, is quite capable of giving 
reliable axial ratio and power pattern measurements as long as the 
characteristics of the antenna under test are identified with the 
average of the measured parameters. 

Before the range is used again, it is suggested that an electric 
winch be placed beneath the ground plane to remotely position the 
receiver carriage in altitude. With the winch in place, it should also 
be possible to position the carriage more accurately and reliably. 

(The receiver carriage and its drive are discussed in sections 6.5.3 
and 6.5.4 respectively). 

All recorded voltages should be kept below 3V to ensure proper 
square law operation of the crystal detector and to prevent gain 
saturation from occurring in the preamplifier of the receiving section. 

Experiments were carried out successfully over the temperature 
range -20°C to +25°C. It is not recommended that the lower end of this 
range be exceeded. If it is, breakage in the receiver carriage cables 


may result and the turntable may cease to function. 


jn) Using: the Test Range to Determine a Suitable Riometer Antenna 


7.5.1 Size Reduction by Truncation of Small Cone Angle Conical Spirals 
All conical spirals considered by Dyson [16], [17], [18] had included 


cone angles of 26 0s 45°. He showed that a fairly well-defined active 
region existed on these antennas and that if an infinitely long conical 
spiral structure was truncated such that only this active region remained, 


the resultant antenna displayed essentially the same radiating character- 
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istics~as that of its untruncated form. 

The antenna which exhibited the radiating properties required by 
the riometer was the conical spiral with included cone angle 28 =20° 
and angle of wrap a=80°. As was mentioned in Chapter 5, the cable-arm 
versions of the conical spirals exhibit essentially the same radiating 
properties as the complementary antennas, i.e. those antennas with 
angular arm width §=90°, but are much simpler to construct. The full- 
scale antenna would, therefore, likely be a cable-arm conical spiral. 
It would also be in its truncated form in order to keep its height to 
a minimum. However, the degree to which the antenna could be truncated 
without substantially degrading its axial ratio and power pattern, 
had to be determined. Simply, by removing turns from either the top or 
bottom of the cable-arm version of the standard conical spiral, previously 
shown in Figure 5.4, truncation could be simulated. This antenna, as 
with all conical spiral antennas tested, was fed by the infinite balun 
method, and since it was tested above a ground plane its spiral arms 
at its base were fastened to the ground plane, as per instructions by 
Dyson. 

The power pattern and axial ratio of the cable-arm version of the 
standard conical spiral were virtually identical to those of its metal- 
arm counterpart and thus will not be shown here. The effect of not 
connecting the spiral arms to the ground plane, however, is shown in 
Figure 7.11. This upward shift in the axial ratio curve is apparently 
due to reflections from the ends of the spiral arms which set up fields 
with polarization opposite to that of the primary field [19]. These 


small cone angle conical spirals were thus always tested with their arms 


fastened to the ground plane. 
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Fig. 7.11 Axial ratio of the cable-arm version of the standard 
conical spiral antenna with (solid) and without (dashed) the 


spiral arms attached to the ground plane at the base. 
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Truncation experiments were carried out until the height of the 
antenna had been reduced to .75\ or about 1/2 the height of the 
original structure. Although its power pattern was still essentially 
that of the untruncated standard conical spiral its axial ratio on 
axis was already at a value of 1.4 and further truncation produced 
unacceptable pattern and especially, axial ratio changes. This was 
to be expected since the structure was physically approaching the 
limits of the active region. It was, therefore, decided that the 
height reduction technique of Dietrich and Long, i.e. the use of wide 


cone angle conical spirals, would be tried. 


7.5.2 Size Reduction by the Use of Wide Cone Angle Conical Spirals 


All conical spiral antennas generally require a base diameter of 
at least A/n for efficient operation. Antennas so designed exhibit 
essentially the same radiating characteristics as one built on a cone 
which extends to infinity. By placing the spiral arms on a conical 
structure with wide cone angle, this base diameter requirement can be 
retained but the height of the resultant antenna is considerably reduced. 
The broadening of the beam width which normally accompanies such an 
increase in cone angle can then be compensated by wrapping the arms 
very tightly on the structure. 

The above is essentially a summary of the size reduction technique 
of Dietrich and Long, outlined in their 1969 paper. Because their 
results were uncorroborated and since their antenna exhibited a rather 
unusual beam reversing phenomenon when the angle of wrap was only 
slightly changed, this height reduction technique was initially abandoned. 


It was only after the failure of the truncation method to satisfactorily 


156 


AW 4} 
bssubord nolsasn 3 -reit34 bn 
be 
¢ 


= es x “ . Ne gr Se OP fe Doe 
EBW Sinz ‘ aahs> Gu i 9 ed 


ay tadd babtosbh .SveisTsds , anv 3 pine 
7 


uy. te 
ek.i > of 74) .B, ‘eae ! Dae. pos soit to ato 


. 
p= 
bot 
ta 


J iivow 
% 


oma eth at embe ait ° 
, ws if 

sited 9d3 snlnate ¥@ «73k ai ink ox ‘ebely 
ce 

totamaib se4d ard) ,signs saoo shiw 


) 
(> 
j 
ul 


on : 
. r ; “ . 4 “4 py es ~ 2 > 
«besuvhbss yide snes al asaedas dasativest e137 ic ae vi 


ta 


amv ond saiqentw yd Sbedaenscrm> sd aed nao whan en 


y oru950399 aa hee tg3 
* * - - - ~ % ay 
supieize? nolioubs: asia afi to wiscmia & vilsalia 
7 ; J 
ties saysco8 8 .2eqgeg ede] vies nk bentfs: 7 ned bie 


——, 
7 


5 wledy sonke bas — to osm 
di 7 
4 qsdv nonad paar Tacs 1 ond 3549" 
; ; 
winx eae al ety 


Ape Th 7 


reduce the antenna size that this technique became attractive. 

One of the reasons the technique is so successful is the use 
of a so-called "radiating ring" at the base of the antenna structure. 
Because the active region on these structures lies very near to the 
base, if the fields at the ends of the spiral arms have not sufficiently 
died out reflections will cause the axial ratio to be degraded. 
Artificially attenuating these fields by terminating the spiral arms 
in a resistor does improve the axial ratio but also has the effect of 
dissipating some energy which would normally be radiated. By wrapping 
the spiral arms very tightly (a v 90°) in the base region, the fields 
apparently die out along the spiral arms due to the enhanced radiating 
efficiency of the antenna in this region, i.e. due to the radiating ring. 

A wide cone angle antenna with parameters 26 .=70° and a=85° was 
constructed using RG-174/U miniature coaxial cable for the spiral arms. 
An antenna similar to this and displaying a radiating ring was shown in 
Figure 5.5, next to the standard conical spiral. The radiating ring 
consisted of four turns of the miniature coaxial cable, wrapped as 
tightly as the diameter of the cable would allow. The height of the 
structure was A/4 (~3") and its base diameter, as required, was A/7(14"). 
The height, to which the spiral arms could be wrapped, was limited by the 
physical size of the cable in the apex region. It was approximately 3/4" 
below the apex of the cone, and therefore well above the active region 
which lies near the base on these structures. As with all antennas 
tested, this antenna was mounted with its base on a 2A diameter copper 
ground plate. 

Measurements were begun on this antenna; however, it soon became 


apparent that it did not possess a satisfactory axial ratio versus 
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zenith angle characteristic and measurements were halted. The antenna 
and measurement set up was checked to make sure that all connections 
were good and the results were not due to equipment malfunction. 
Everything was found to be in order and an explanation of the results 
was sought. 

It was felt that if a large back lobe existed the fields in the 
base region would be so large, that even with the radiating ring, 
reflections would occur from the ends of the spiral arms and the axial 
ratio would be degraded. To check this the copper ground plate was 
replaced by a 2' x 2' square of absorbing material and the antenna 
was again tested. 

A comparison of the axial ratio measurements from the two tests 


are shown in Figure 7.12. As expected, the energy of the back lobe 


AXIAL RATIO 
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Fig. 7.12 Axial ratio of the cable-arm, wide cone angle antenna 
(26 =70°, a=85°) when mounted over a 2} diameter ground plate (solid) 
be : 


and a 2X x 2A piece of absorbing material (dashed). 
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apparently was dissipated in the absorbing material and therefore did 
not contribute to reflections which could degrade the axial ratio. It 
was also noted that the received power levels when the antenna was mounted 
over the copper ground plate were almost three times the levels when it 
was mounted over the absorbing material. This would tend to indicate 
that most of the radiated energy was concentrated in the back lobe. 

At first it was thought that this method, too, could not be used to 
reduce the antenna height. However, closer inspection of the Dietrich 
and Long paper indicated that by increasing the angle of wrap by just 2° 
to a=87°, it was possible that this back lobe could be largely eliminated. 
This was done and the measurement results are shown in Figure 7.13. 

The power pattern does not exhibit any sidelobes and was found to be 
essentially circularly symmetric. Average curves for the power patter 
and axial ratio are superimposed on the measured values. From the 
discussion of section 7.4.5, these average curves are believed to best 
represent the characteristics of the antenna under test. The HPBW as 
determined from the average curve is approximately 66°. The average 
axial ratio is approximately 1.2 on axis and remains less than 2 up to 
70° off axis. Although the antenna of Dietrich and Long was constructed 
to operate over a range of frequencies, their patterms did not exceed 
a HPBW of 80° and the axial ratio at midband was approximately 1.1. 

They did not measure the trend in off-axis axial ratio as far as the 
author knows. 

This antenna, therefore, exhibited all the characteristics desired; 
i.e. low axial ratio over the significant portion of its beam, a HPBW 


of approximately 60°, no side lobes and low height. It is, however, 
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Fig. 7.13 Power pattern (a) and axial ratio (b) measurements on the 


cable-arm, wide cone angle conical spiral with 289 
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only a model and certain design changes may be desirable on the full- 


scale version. These will be discussed in the next section. 


7.6 Design Considerations of the Full-Scale Riometer Antenna System 


Two antennas will be required for the riometer - one to receive 
right circular polarization and one to receive left circular polarization. 
The antennas will be identical except with respect to the direction of 
wrap; a right hand (clockwise) opening spiral radiates (and therefore 
receives) predominantly a left circular wave. 

From the measurements conducted on the antenna test range,the most 
suitable conical spiral was found to have an included cone angle 
28 =70° and angle of wrap a=87°. The base diameter must be at least 
A/m for efficient operation. 

The spiral arms can be formed from cable, in which case this cable 
may also be used to feed the antenna (see section 5.2.4). They may also 
be formed from wire as long as the gauge of the wire is such that the 
resistance per eee re negligible, as was the case on the models. 
At the riometer frequency of 12.4 MHz, a wire size of 20 gauge or larger 
should be sufficient. It may be obvious, at this stage, that the arm 
width on a cable-arm conical spiral, relative to the rest of the physical 
structure,is considerably less on the full size antenna than on its 
equivalent model. This should not be a problem, however, since a small 
arm width has only minor effects on the radiation pattern, causing it 
to broaden somewhat (<5°), and does not affect the axial ratio. It 
primarily affects the input impedance, causing it to increase as the 
arm width decreases. However, as has been shown by Fisher, a wide 


arm width can be simulated by 3 wires; two defining the arm edges 
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and one down the center. 

If the spirals are not fed by the infinite balun method but instead 
use the on-axis method of feed, the unbalance-to-balance transformation 
should be performed at the base of the antenna and preferably below the 
ground plane, if possible. A shielded balanced line can then be 
brought from this transformation up to the apex, along the axis of the 
cone. Because of the small diameter of the cable relative to the rest 
of the structure, its presence, on axis, will not perturb the fields 
existing within the cone. 

The conical spiral elements need not be difficult to construct. 
Using the method of Dietrich and Long, nylon ropes could be extended © 
to ground from the top of a central pole, the height of which 
corresponds to the A/4 height required of the conical spiral elements. 
The ropes, which would be placed at least at 30° intervals, thus 
generate the desired conical structure. The cable or wire arms could 
then be spiraled down these ropes. By premeasuring the Beet tton of the 
spiral arms relative to the nylon ropes and attaching them accordingly, 
the entire assembly could then be raised in one motion. As mentioned in 
section 5.2.4, as long as the diameter of a metallic cylinder on axis 
does not exceed 1/3 the diameter of the conical structure anywhere 
along its axis, the fields within the cone will not be disturbed. Thus 
a metallic central pole may be used in the structure. 

Coupling may occur between the two elements, although Dyson [16] 
has shown that for element to element spacings greater than i/2, this 
coupling is less than -30 dB. For such spacings only minor changes occur 
to the radiation pattern and axial ratio due to the presence of another 


element, and the effects are even less for contrawound elements. 
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The antennas should be located over ground screens in order to 
eliminate the effects of changing ground conductivity. These ground 
screens should be circular in order to retain the symmetry of the 
antennas. Also they should extend at least \/4 beyond the largest 
horizontal extent of the antennas (the base radius) as this appears to be 
the most widely used convention for ground planes of any antenna [40]. 
This would result in a ground screen of approximately X in diameter and 
at a wavelength of 24 meters the increased radiating efficiency achieved 
by extending it further is not believed to be worth the additional 


cost and construction time. 
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 

Decametric telescopes require that measurements be corrected for 
absorption that has occurred in the earth's ionosphere. From a radio 
astronomical point of view, the most suitable method of determining 
ionospheric absorption employs an instrument referred to as a Relative 
Ionospheric Opacity METER or riometer. 

There are two methods of riometry, standard riometry and dual- 
polarized riometry. It has been shown that the dual-polarized riometry 
method is capable of determining the quiet day curve in 1/3 to 1/4 of 
the time required by standard riometry, and in addition, greater 
accuracy can be achieved. Because of the method in which the quiet day 
curve is determined, the dual-polarized riometry technique, unlike its 
alternative, does not suffer from measurement errors due to uncertainty 
in the degree to which negligible absorption conditions occur in the 
ionosphere. 

Nevertheless, problems peculiar to dual-polarized riometry do 
exist. One problem which is largely beyond the control of the designer 
is the variability in the height of absorption. As long as measurements 
are not taken during periods of rapid changes in electron density, i.e. 
sunrise and sunset, this should not result in significant measurement 
errors. Equipment errors can be minimized by eliminating the cross- 
polarization effects within the antenna system. It has been shown that 
as long as the axial ratio of both the left and right circularly 
polarized antennas is approximately 1.2 or less over the significant 
portion of the beam, cross-polarization effects would be on the order of 


1%. Also. if the variation in the antenna's axial ratio with zenith 
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angle could be sufficiently determined, the effect could be completely 
calibrated out. Due to an experimental program which required the design 
and construction of a microwave antenna test range both of these antenna 
requirements were achieved. 

The axial ratio and power pattern measurements of antennas tested 
on this microwave antenna test range were found to exhibit interference 
variations due to stray reflections. However,it was shown that by taking 
the mean of the measured values, excellent agreement with the expected 
values of antennas with known radiating characteristics could be 
achieved. Applying the same method of interpreting the measurement data 
to antennas of unknown characteristics, the most suitable riometer 
antenna could be determined. This antenna was found to be the cable-arm 
wide cone angle conical spiral with parameters 26 = 70 ,a = 87 ,H~ Af. 

Whether the dual-polarized riometry method is capable of measure-- 
ments to within 1% accuracy, remains to be seen. There is little aeube. 
however, that it is more accurate than standard riometry. Yet this is 
not its only advantage. The method is capable of returning a substantial 
amount of information on the heights of absorption, electron recombina- 
tion rates and, if the large inherent bandwidth of the conical spirals 
is exploited in multifrequency riometry experiments, the electron 
density distribution with height. All of these are of scientific impor- 
tance at 12.4 MHz and at the observing latitude of 60 N, geomagnetic. 

The versatility of the instrument is therefore obvious, yet its 
basic equipment is virtually identical to that of a standard riometer. 
The prime differences of equipment occur in the antenna system; the 
standard riometer receives radiation of linear polarization and the 


dual-polarized riometer receives radiation of left and right circular 
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polarization. But it has been pointed out that the two conical spiral 
elements of the dual-polarized antenna system need not be difficult to 
construct. Nylon ropes,extending to ground at the proper angle from 
the top of a central pole,could generate the conical shape and cable, 
placed on top of these ropes, could form the spiral arms. 

Thus the dual-polarized riometer, with its carefully selected 
antenna system, should be a versatile instrument capable of accurate 
absorption measurements yet still basically simple. However, if for 
whatever reason, the technique does not prove to be successful, 
reversion to the standard riometry technique is Ones much an equip- 


ment modification as it is a data processing change. 
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APPENDIX A 
A COMPUTER PROGRAM FOR USE IN THE FABRICATION OF SMALL 


EQUIANGULAR SPIRAL ANTENNAS 


The construction of an equiangular spiral antenna requires the 
accurate placement of its spiral arms on either a planar or conical 
structure. Fabrication patterns which can be formed into the appropriate 
planar or conical structure can be drawn quickly and accurately with 
the aid of a computer and digital plotter. The computer program which 
can accomplish this task is listed in Figure A.1. The program is 
written in FORTRAN and was run on the University of Alberta's IBM 360/67 
computer. The digital plotter used was a Calcomp Model 925/1036. 

The parameters of an equiangular spiral antenna (previously defined 
in sec. 5.1) required by the computer program are: the angle of wrap a; 
the cone angle 8 (8 =90° for planar structures); the distance along 
the cone from the apex to the point of minimum radius es and the 
distance along the cone from the apex to the base ee In addition, 
the angular increment in 9, with which it is desired to plot the arms, 
is required. All lengths are in inches and all angles in degrees. The 
maximum pattern that can be plotted depends on the size limitations 


imposed by the facilities used. 
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REAL P(%,600),BETAC4,400),PETAX(4,400) . 
INTEGER PH!1(6,400),X(4,800),T0,AA,DA,A,K1(4) 
CALL PLOTS 
WRITE(6,99) 
WRITE(6,100) 

READ(5,103) PMIN,PRAX,TO,AA,DA, INC 
WRITE(G,101) Pith, PMAX 
WRITE(6,102)T0,AA,DA, INT 

XX"0.0 

YY=2.0 

B=SIN(TO0#3.14159/180.)/TAN(AA#3.14159/180.) 
C=SIN(T0©3.18159/180.) 

CT°C +3668. 

(F(CT.GT.90.0)XX%X=16.0 

1FC(CT.GT.180.0)YY=17.0 

PFC PMAX.GT.(32.-X%X) )WAITE(6, 290) 

$F (PMAX.GT.(35.-YY) )URITE(6,201) is é 
T=(ALOG(PMAX/PMIN))/(6.223192B) 
NGLeIFIX((T-1FIX(T)) 2360) : 
Meh FIX(T) ; 
MeLFEIX(Te360/1NC) 

L1=360 
WRITE(6,104)B8,N,MLNGL 
WRITE(6,107)L1 
Ax 
DO 10 f=1,% 
Jlel 
Jel 

PHICIT, J) #INC2#(J1-1) 

K(i,J3)=PHI(1,0)/360 

PCL, J) =PMIN®EXP((PHI(1,J)#A)°3.14159/180.98) 
BETAC!, J) 9(PHI(1,0)/3E0.-1FIXCPHI(1,5)/361.))°6.2835190€ 
BETAX(1,J)*=(SETA(1,J)¢180./3.14159) : 
tFCPHICI, J).EQ.0)GNTO30 
PFCPHICT, J).NE.360¢K(1,0) )GOTO30 
PHI (1, J*1)=360"K(1,J) 
PCI, 31) =P(I,0) 
KC}, J*1)=K(1,8) 
BETAC}, J*1) "0.0 
BETAX(C1,J*1)=0.0 
JeJel 
CONTINUE 
Jl<Jlel 
JeJel 

tFCPCL,J-1).GE.PMAX)GOTO 15 
GOTO20 
CONTINUE 
K1(})eJ-l 
GOTO0{1,2,3,10),! 
A=A*DA 
GOTOLO 
A=180 
GOTOLO 
A=180°DA 
CONTINUE 
NO 40 I=1,4 
WRITE(G, 106)K1C1), PCI, K109)) ,BETAX(I, K1C1)? 
WRITE(6,110) 
READ(5,108)1 BLANK 
FORMAT(’ ", "LENGTHS I*) INCHES, ANGLES 1% DEGREES") 
FORMATC'PSIPUT PMIN, PAX, THETAO,ALPHA,OELTA, IC's '?") 
FORMAT(' ",*RHOMINe'. F9.6,' BN, 6X, RHOMAX=',F9.4," IN") 
FOOMAT('THETAQ=', 14,6X, "ALPHA#*, 14,6X, 'DELTA=",15,6X, 'INC=",I5) 
FORMAT(2F9.4%, 414) . 
FORMAT('Be’,F9.6,6X,"TOT PTS="',15,6X, "ANG DIST=',13,"RV',15, DEG’) 
FORMAT(' °,13,F9.4,F9.5) 
FORMAT(' ',14) 
FORMAT(IG) 
FORMAT(® ',41%,2F9.4) 
FORMAT(’® *,°?*) 

FORMAT(' ', "DATA EXCEED X DIMENSIONS OF PHYSICAL PLOT PAPER®) 
FORMAT(' *,"DATA EXCEEDS Y DIMENSIONS OF PHYSICAL PLOT PAPER") 
CALL ERASE 
CALL NEWPEN(1) 
CALL PLOT(XX,YY,-1) 
CALL PLOT(PMAX,0.0,2) 
CALL CIRCLE(PHAX,0.0,0.0,CT,PMAX,PNAX,0.0) 
CALL PLOT(0.0,0.0,2) 
CALL CIRCLE(PMIN,0.0,0.0,CT,PMIM,PMIM,0.0) 
CALL PLOT(0.0,0.0,3) 
CALL NEWPEN(2) 

NL=2 

1FCOA.EQ.O)NL*1 
90 70 L=1,NL . 
CALL POLAR(P(L,1),BETA(L,1),K1(L),4,0,0,-1.,1.) 
CONTINUE 
CALL NEHPEN(3) 

MLeh 

TFC DA.LEQ.0)ML #3 
00 80 L=3,ML 
CALL POLAR(P(L,1),BETA(L,1), K1(L),&,0,0,-1.,1.) 
CONTINUE 
CALL PLOT(0.0,0.0,999) 
STOP 
ENO 


vy 
: 


Fig. A.1 Computer program for the fabrication-of Spiral antennas. 
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APPENDIX B 


THE DIPOLE ROTATION ASSEMBLY DRIVE MOTOR AND ITS POWER SUPPLY 


The specifications of the 2-phase induction motor used to rotate 


the dipole are listed below: 


manufacturer Eastern Air Devices, Inc. 
type gear servo—generator 
model GSJTHLX7-1L5ce 
frequency 400 Hz 

no load speed 59 RPM 

Stalled torque BEE OZ yt tis 

in phase null -008 V RMS 
quadrature null -Ul> VeRiS 

phase shift a OY 

total null -O19 VeRMS 

nominal operating voltage 50°V. PPP 400 Hz 


Because of its high power requirements, a push-pull amplifier was 
built to boost the power from the 400 Hz signal generator. 
The schematic of the power amplifier and the equivalent circuit of 


the dipole induction motor are shown in Figure B.1. 
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APPENDIX C 


SPECIFICATIONS OF THE SCIENTIFIC-ATLANTA AZIMUTH POSITIONER 


Maximum Vertical Load 
Maximum Bending Moment 
Turntable Diameter 
Lurntable Bore 

Turntable Bolt Circle 
Turntable Bolt Holes (tapped) 
Length 

Width 

Height 


Base Mounting 


Base Mounting Holes (clearance) 
Horsepower 

Withstand Torque 

Deliver Torque 

Maximum Speed 

Synchro Ratio 

Position Accuracy 

Drivegear Backlash, less than 
Shipping Weight 

Net Weight 


Recommended Control Unit 
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3,000 pounds 

1, 000 foot-pounds 
16 inches 

3 inches 

10 inches 

6, 3/8-16 
17-11/16 inches 
16-1/4 inches 

13 inches 


3-hole Isosceles 
Triangular Pattern 
i2i base x8 -1:7 2" 
height 

it 3 2himeh 

LER 

290 foot-pounds 
60 foot-pounds 
Oe ODI 

fe 3631 

0.05 degree | 

0.2 degree 

150 pounds 

110 pounds 
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APPENDIX D 
THE MICROSTRIP POWER OSCILLATOR AND BAND-PASS FILTER 
Excellent papers exist in the literature on the design of both 
MLCTOSTIip power oscillators ja2] > 143), 144) and microstrip filters 
[46], [47] and, hence, their designs will not be detailed here. Only 
the basic design equations, schematics and operating characteristics 


of the final designs will be presented. 


D.1 General 

The two most basic parameters required when designing with micro- 
strip transmission line are its characteristic impedance Zo and guide 
wavelength oa These parameters may be found from published curves [48] 


or calculated directly from the following equations: 


Zi = free ee ee SE ee eee eee Ohms 
0 yo -0.0724 -0.836 
ea tee MOTI ore (Wapp/h) 
1/2 
; 0.1255 Wepp/h 2 -6 
ees -63(e, = ORC age 
ae ee 
a AD 
1 
W /h < .6 
0.0297 EFF 
1 + -60(e, - 1) Wopp/h) 
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where 
Worr = Wt t/r[1ln(2h/t)+1] 
ER = dielectric constantof the microstrip substrate 
h = thickness of dielectric substrate 
8 = thickness of the conductor and ground plane 
W = width of the conductor 
be = free space wavelength at operating frequency 


CONDUCTOR Ww leit 


DIP LE CTRIG 


GROUND PLANE 


Fig. D.1 A cross section of microstrip transmission line. 


The microstrip board used in both the oscillator and filter had the 


following parameters: 


E = 2265 mils 
h = 25.6) sn is 
Ep oh li aa 


The width W will depend on the characteristic impedance required of 


the microstrip transmission line in any particular application. 


D.2 The Power Oscillator 


The power oscillator schematic shown in Figure D.2 is essentially 


Sy eee te a ee ee UE a B = 


aMAUS a whuods | 
i@ ye i ae > 
oni] soles lusnsty gbsae033ha te sots9se agolsth Loa 


io batluper somsbedmt obtetzs3zszer9 ed io breqab Lilw 
_ontasotiegs aafyst3¥eq ys mk ent woke 


aN ee 20 OV OR TW 
INTO 50 St 


R= es 1, 
Ro= 300 2 
R,= 10 Q 


C= 500 pF (CHIP) 


Ce=535-, 3255ph (JOHANSON. 5802) 


2 
C,= -8- 10 pF (JOHANSON 5202) 
om 500 pF (FEED THROUGH) 


RFC= 5 TURNS #32 WIRE; D= 1/8", L= 1/4" 
Q,= MSC 80069 
X,= 1" x 3/32" CONDUCTOR ON 1/32" POLYETHYLENE BOARD 


Fig. D.2 Schematic and component values of power oscillator. 
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that of a Microwave Semiconductor Corporation (MSC) test oscillator 
Succuit. 


By adjusting capacitor C, the frequency of the oscillator could be 


2 
coarsely tuned to any frequency in the range 800 MHz to 1.2 GHz. The 
final output frequency did not only depend on capacitor C, but also on 


the matching capacitor C, and the D.C. power supply voltage V 


3 cc" 


The oscillator, which requires a heat sink, could produce up to 
3 Watts of power depending poe and resistor Ry which was largely 
responsible for controlling its efficiency. For its purpose of feaatns 
power to the transmitting antenna of the test range, the oscillator 


was tuned to a frequency of 959.0 MHz and adjusted for an output power 


OPM IeMat ance 0 se. 


D.3 The Band-Pass Filter 

The important dimensions of the microstrip band-pass filter formed 
from two direct-coupled quarter-wave resonators are shown in Figure D.3. 
The resonators, which are formed from open- and short-circuited sections 
of microstrip transmission line, have an equivalent circuit as shown in 
Figure D.4. 

If these open- and short-circuited sections comprising the resonators 
behaved as ideal capacitors and inductors, i.e. were not lossy, the 
filter would exhibit an infinitely small pass band, and the insertion 
loss at resonance would be zero. However, losses do occur and typically, 
as an attempt is made to make the bandwidth smaller, the insertion loss 
increases and vice-versa. 


From the discussion of section D.1, the characteristic impedance of 
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Fie. D.4 Equivalent’ cireuit of fitter shown, in Figure D.3 
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the transmission line Zo is essentially set by the width of the 
conductors for a given dielectric board, and the filter's center 
frequency will be determined by the length of the resonators. 

The filter response between .94 GHz and 1.00 GHz, illustrating 
the 3 dB bandwidth, is shown in Figure D.5. 

The return loss of the filter when matched to 502 is shown in 
Figure D.6 between .92 GHz and 1.00 GHz. The figure shows that the 


reflected power is better than 25 dB below the input power at 959 MHz. 
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Fig. D.6 Return loss of filter working into 50 2 between 
.92 GHz and 1.00 GHz. The marker is at 959 MHz. 
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APPENDIX E 


CABLE SPECIFICATIONS 
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* Silver Coated Cagmium Bronze 
** Operating Temperature: 200°C. 
Conductors Sitver Plated Copperveld 
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58/U 8.3 11.5 17.8 20 40 
5948/0 eZ 
58C/U 17.5 
59/U 15.0 
598/U_ 
62/U I 
~ 62A/U bee 
630/U il3 

17 


~ 
fed) 
J 


i eS 
500 
8.8 16.7 


4.4 6.0 Wig 


a5 | 95 


a5 
17.0 


TEFLON TYPES 


ree BT GAAXUATTENS Oe ee ne MAXLATTENSS | | es ip eee MARS ATTENS 
DB/sCo $Y. DS/199 FT, DS/190 FT. , 
RG TYPE @ 4n0 me RG TYPF @ 450 me RG TYPE @ 409me | 
eS. : 
_d7esju [29.0 1e7mAiU. «TSCA OG 
JISSIU i 2s 188A/U_ 20.0 _ 
isosiu | __17.0 1S5A/U 17.0 


ALPHA WIRE COAMPORATICN 


187 


. r VO ee AN eel Ik | 
AN i if pa Sed ay evi 


on i } i 
/. ; ' iy, : 
ay Si rie ie es a 
J ie AN wy Wi ot oy 
it 


; a Nay 
A yc ae :: 


Fe 
= in 
7 


- | are 
ame, Litas Ade ee ~*~ 
a) a ye: a) % 7? te 


’ 
. 


i 
E 7 See pe 
oe - 
§« - ha 
5 
a 
a ee 
~ 
P 
te 


i i pe 


yc aie 
‘eo wie 


| v9 | 
ry Mab ri 
! in 
in eet 


Ve mn ry at 


: | Slip © 
ise F _ i ne : Sule, 


: Ps ‘hen be n ne 


ia) 
ie oe A 


ao 


a a elke 
4 = A , ‘i iu 


ar - q 
aei ay el 


